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ABSTRACT
Taxonomy, Taphonomy, and Bioerosion of Lamniform and Carcharhiniform Shark Teeth from
Onslow Bay, North Carolina and an Example Extension from the Gulf Coastal Plain of the
U.S.A.
by
Harry Martin Maisch IV
Advisor: Dr. John A. Chamberlain Jr.
This dissertation is divided into four sections that feature assemblages of self-collected fossils
recovered while SCUBA diving in Onslow Bay, North Carolina, and the Ouachita River near
Malvern, Arkansas. Sections one through three focus on Cenozoic lamniform and
carcharhiniform shark teeth, including those of large Otodus megalodon, collected from
submerged, actively forming lag deposits adjacent to outcrops of the Miocene Pungo River and
Pliocene Yorktown formations in Onslow Bay. Section one documents the submerged collecting
localities and the taxonomy and biostratigraphic properties of the fossil shark teeth they contain.
Section two documents bathymetric controls on the degree of taphonomic reworking and
bioerosion of these shark teeth from shallower, intermediate, and deeper shelf localities in
Onslow Bay. Section three identifies and utilizes bioerosion in megatoothed shark teeth in
addition to radiocarbon dating of endolithic bivalves and corals to time the process of lag deposit
formation. Section four consists of a research extension into the Gulf Coastal Plain of the USA
and focuses on an assemblage of Teredolites-bored driftwood recovered from a fossiliferous lag
deposit at the contact between the Arkadelphia Formation and Midway Group submerged in the
Ouachita River near Malvern, Arkansas. This driftwood derives from a known CretaceousPaleogene (K-Pg) boundary section and features trace fossils similar to those occurring in
megatoothed shark teeth from Onslow Bay. Although the Malvern lag deposit is geologically
iv

older than those actively forming in Onslow Bay, the processes of lag deposit formation are
extremely similar. Lag deposits in both study areas contain diverse, time-averaged vertebrate
fossil assemblages with a notable abundance of biostratigraphically significant and
taphonomically distinct shark teeth, infrequent terrestrial elements, and accumulated in response
to numerous storm events and sea level cyclicity. Moreover, the processes of lag deposit
formation observed in the actively forming Onslow Bay lags provide a means to interpret and
model the formation of similar deposits, including the Malvern K-Pg lag, preserved in the
stratigraphic record. Results from this dissertation indicate that the process of vertebrate lag
deposit formation: 1) occurs globally, 2) is independent of geologic age, and 3) is the product of
numerous storm events, including impact generated tsunamis, and sea level cyclicity within
shallow shelf stratigraphic sections.
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INTRODUCTION
For centuries, sharks have been known to invoke emotions that range from fear to
fascination. These emotions stem from the lack of human adaptation to the marine environment,
fear of what lies beneath the waves, and the seemingly consistent portrayal of sharks including
Carcharodon carcharias (i.e., Great White) as predators and villains in various motion picture
films such as the movie Jaws released in 1975. Although sharks are frequently viewed as a
nuisance or danger to beachgoers, continued research and positive publicity have raised concern
on the state of marine ecosystems and fisheries, shark populations and conservation measures,
and lead to an increased understanding of their successful evolutionary history dating back over
400 million years.
Since sharks are cartilaginous fish, the preservation of their skeletons is exceptionally
rare, and they are usually only represented in the fossil record by their teeth. Shark teeth are
composed of durable biogenic apatite and are continuously produced and replaced in a conveyor
belt fashion (i.e., polyphyodonty) such that a single adult shark can produce upwards of 20,000
teeth in its lifetime. As a result, the sheer quantity of shark teeth preserved in the stratigraphic
record has made them the most abundant and frequently collected vertebrate fossils on Earth.
Due to the abundance and durability of fossil shark teeth, they have been utilized in numerous
taxonomic, phylogenetic, biostratigraphic, radiometric, isotopic, diagenetic, trophic, and
taphonomic studies.
This dissertation focuses on three aspects of utilizing fossil shark teeth and includes the
taxonomy, taphonomy, and bioerosion of a previously unreported assemblage of Miocene and
Pliocene lamniform and carcharhiniform shark teeth from Onslow Bay. Fossil shark teeth from
Onslow Bay were self-collected by SCUBA diving in shallower, intermediate, and deeper shelf
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localities located in ≈25-35m of water ≈30-60km offshore, respectively, and many diagnostic
specimens included in this dissertation are reposited in regional museums. In addition to these
submerged Onslow Bay lag deposits, this dissertation also features a research extension into the
Gulf Coastal Plain of the USA and is the first to document an assemblage of Teredolites-bored
driftwood recovered from a lag deposit occurring at the Cretaceous-Paleogene boundary. This
driftwood assemblage was also self-collected along with the remains of Late Cretaceous
vertebrates including sharks, fish, and marine reptiles by SCUBA diving in the Ouachita River
near Malvern, Arkansas. The Malvern driftwood exhibits bioerosion similar to that occurring in
fossil shark teeth from Onslow Bay and lag deposits in both regions formed in response episodic
storm events and sea level cyclicity.
Shark teeth from Onslow Bay are also significant in that they derive from different
geologic time periods and formations and can be correlated with those in contemporaneous
deposits in adjacent states, regions, and globally. The Onslow Bay shark teeth are also
concentrated in lag deposits that occur with increasing bathymetry and distance from the modern
shoreline at shallower, intermediate, and deeper shelf localities. These lag deposits are still in the
process of formation and contain an abundance of teeth belonging to the extinct, giant
megatoothed shark: Otodus megalodon. Teeth of “Megalodon” frequently exceed 6 inches
(15cm) in height and have been highly sought after by scholars and amateur collectors since the
1500s. In contrast to teeth of “Megalodon”, those of extant C. carcharias rarely exceed 3 inches
(7.5cm) in height. Significant differences in tooth size between these two shark taxa has lead
researchers to interpret adult “Megalodon” to have weighed more than 60 tons and attained
lengths greater than 12m. As a result, “Megalodon” was more than twice the length and eight
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times the weight of an adult great white shark making it an excellent fear-invoking predator in
numerous novels and the recent summer 2018 movie: The Meg.
For an audience of the general public consisting of scientists and non-scientists alike,
fossils including shark teeth from Onslow Bay, North Carolina and driftwood from Malvern,
Arkansas: 1) demonstrate the concept of uniformitarianism where the past is the key to the
present, 2) serve as an outstanding and obvious reminder of the true age of Earth, and 3) confirm
that climatically driven sea level fluctuation alters the environment and drives the evolution and
extinction of organisms on Earth. Furthermore, the preservation and concentration of fossil
remains documented in this dissertation indicate that the process of lag deposit formation: 1)
occurs globally, 2) is independent of geologic age, 3) is the product of numerous storm events
and sea level cyclicity within shallow shelf stratigraphic sections, and 4) predicts the future
effects of sea level rise on densely-populated coastal regions.
The four sections of this dissertation comprise separate manuscripts documenting selfcollected fossil assemblages recovered by SCUBA diving submerged lag deposit exposures.
These fossils and lag deposits all derive from sediments exposed within the Atlantic and Gulf
Coastal Plains of the USA and reflect climatically-driven geologic processes including storm and
sea level cyclicity events since the Late Cretaceous.
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CHAPTER 1 — LAMNIFORM AND CARCHARHINIFORM SHARKS FROM THE
PUNGO RIVER AND YORKTOWN FORMATIONS (MIOCENE-PLIOCENE) OF
THE SUBMERGED CONTINENTAL SHELF, ONSLOW BAY, NORTH CAROLINA

Abstract
The submerged continental shelf of Onslow Bay, North Carolina, preserves hardbottom
limestone scarps with underlying clays as small isolated exposures in progressively deeper water
seaward from the modern-day shoreline. These scarps formed as a result of wave- and currentdriven erosion, transport, and redeposition of bottom sediments due to glacioeustactic sea level
cyclicity and the migration of the ancestral shoreline since the Pliocene. Fossiliferous lag
deposits containing an abundance of lamniform and carcharhiniform teeth, including those
belonging to megatoothed sharks, occur adjacent to these scarps. These specimens include teeth
from: Carcharias cf. C. taurus, Isurus oxyrinchus, Otodus chubutensis, Otodus megalodon,
Carcharodon carcharias, Carcharodon hastalis, Parotodus benedinii, Alopias grandis,
Hemipristis serra, Carcharhinus priscus, Carcharhinus falciformis, Negaprion brevirostris,
Physogaleus contortus, Galeocerdo aduncus, Galeocerdo cuvier, and Rhizoprionodon sp.
Comparison of biostratigraphically significant lamniform and carcharhiniform taxa from the
submerged shelf with those from land-based assemblages along the Atlantic Coastal Plain of the
USA indicates that the shallower shelf (≈25m deep) exposes the Miocene Pungo River
Formation and intermediate and deeper shelf (≈30–35m deep) expose the Pliocene Yorktown
Formation. Many of the Onslow Bay lamniforms and carcharhiniforms also occur in Miocene
and Pliocene shallow marine assemblages around the world and reinforce the migratory abilities
of these chondrichthyans in the late Cenozoic and the utility of lamniform and carcharhiniform
teeth in biostratigraphic and chronostratigraphic analyses.
4

Introduction
For over 140 years Cenozoic chondrichthyan teeth have been recovered from land-based
exposures of the Miocene Pungo River and Pliocene Yorktown formations in North Carolina as a
result of delineating and mining phosphate deposits (e.g., Emmons, 1858; Cope, 1869). To date,
the occurrence of Miocene and Pliocene chondrichthyan remains in North Carolina is largely
known from deep mining operations at the Potash Corporation of Saskatchewan (PCS)
Phosphate Mine near Aurora, North Carolina, as documented by Purdy et al. (2001).
Chondrichthyan remains also occur in Onslow Bay but have gone largely unreported except in a
few core and dredge samples (Pilkey and Luternauer, 1967; Roberts and Pierce, 1967). These
early Onslow Bay studies identified unworn Miocene shark teeth as Carcharodon auriculatus
(Blainville, 1818), Prionodon egertoni (Agassiz, 1843), and Hemipristis serra Agassiz, 1835, and
also noted the occurrence of granule to pebble-sized, phosphatized shark teeth and bone
fragments within distinct subsurface horizons. In recent years, recreational divers have
discovered isolated hardbottom exposures containing an abundance of Miocene and Pliocene
lamniform and carcharhiniform teeth, near Frying Pan Shoals in southwestern Onslow Bay (Fig.
1).
This report is the first to document three submerged, fossiliferous shelf localities that
contain an abundance of Miocene and Pliocene lamniform and carcharhiniform teeth in Onslow
Bay, North Carolina. At each of the submerged shelf localities in Onslow Bay, the teeth of
lamniforms and carcharhiniforms are concentrated due to their larger overall sizes and greater
capability to withstand the effects of taphonomic reworking and hydrodynamic sorting. Taxa in
the Onslow Bay assemblage are also known from land-based exposures along the Atlantic
Coastal Plain (ACP) of the United States (e.g., Kent, 1994; Purdy et al., 2001; Maisch et al.,
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2015; Hastings and Dooley, 2017) and from contemporaneous shallow marine strata elsewhere
around the world (e.g., Boessenecker, 2011; Reinecke et al., 2011; Bor et al., 2012; Cappetta,
2012; Pimiento et al., 2013a,b; Carrillo-Briceño et al., 2015; 2016a,b; Betancort et al., 2016;
Landini et al., 2017). The widespread geographic distribution of the Onslow Bay taxa attests to
the uniformity of Miocene and Pliocene ocean conditions and migratory abilities of late
Cenozoic lamniform and carcharhiniform sharks. Moreover, the abundance, global distribution,
and extensive study of many of the lamniform and carcharhiniform taxa found in Onslow Bay
demonstrates the utility of these fossil teeth in regional and global biostratigraphic correlations.
Geology of Onslow Bay
The continental shelf of Onslow Bay contains Cenozoic marine sediments that overlie
high-relief crystalline basement rocks of the Carolina Platform and the mid-Carolina Platform
High (i.e., Cape Fear Arch) (Snyder et al., 1982; Soller, 1988; Riggs et al., 1992; Horton et al.,
2009; Harris et al., 2013). Structural features of this underlying basement rock influenced the
extent of deposition and erosion of Cenozoic marine sediments that has occurred in response to
numerous transgressive–regressive glacioeustactic sea level cyclicity events over the course of
approximately the last 18 million years (Soller, 1988; Horton et al., 2009; Harris et al., 2013). In
particular, extensive deposition occurred in Onslow Bay during sea-level highstand associated
with the Mid-Miocene Climatic Optimum, whereas extensive seafloor erosion and modification
occurred in response to the Pleistocene Last Glacial Maximum and Holocene transgression (Figs.
1.1–1.2; Riggs et al., 1995; 1996; Renaud et al., 1997; Ward, 2007; Horton et al., 2009).
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Figure 1.1: Onslow Bay Study Area. 1) Inset map of the Atlantic Coastal Plain of the United States showing
the Onslow Bay study region (star) and maximum extent of marine inundation during the Middle Miocene
≈18Myr ago (red line) and sea level lowstand during the Last Glacial Maximum ≈18Kyr ago (black line). 2) Map
of the Cape Fear Region of southwestern Onslow Bay showing bathymetric contours and the seismic
stratigraphic sediment divisions beneath Onslow Bay modified from Snyder et al. (1982) and Snyder et al.
(1988; 1993). Letters A, B, and C show the locations of the shallower (A), intermediate (B), and deeper (C)
fossiliferous shelf localities discussed in this study.

Over the last several decades, the depositional and post-depositional histories of
Cenozoic sediments in Onslow Bay have been extensively studied in conjunction with numerous
seismic stratigraphic, SCUBA diving, and core and dredge surveys. These reports have all
identified sediments of the Miocene Pungo River and Pliocene Yorktown formations occurring at
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or just below the seafloor across Onslow Bay and adjacent to the submerged ancestral Cape Fear
River Valley (Figs. 1.1–1.2; Lewis et al., 1982; Snyder et al., 1982; Riggs et al., 1985; Riggs and
Mallette, 1990; Snyder et al., 1990; Riggs et al., 2000). Lithologic, foraminiferal, strontium
isotopic, and invertebrate and vertebrate fossil analyses reinforce these formation assignments
and geologic ages of both land-based and submerged exposures (Brown, 1958; Gibson, 1967;
Pilkey and Luternauer, 1967; Scarborough et al., 1982; Riggs, 1984; Snyder, 1988; 1990;
Denison et al., 1993; Purdy et al., 2001; Ward, 2007; Riggs et al., 1982; 1985; 1995; 2000;
2011).

Figure 1.2: Generalized stratigraphic column for the PCS Phosphate Mine (modified from Ward, 2007), and
shallower, intermediate and deeper Onslow Bay study localities described in this report in relation to the
Miocene–Holocene glacioeustactic sea level cyclicity curve of Riggs et al. (1985). Formation abbreviations:
FB=Flanner Beach; JC=James City; CT=Croatan; YT=Yorktown; EO=Eastover Formation; PR= Pungo River.
Note the absence of the Eastover Formation at the PCS Phosphate Mine and extensive amount of erosion in
Onslow Bay.
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Geology of the Three Submerged Study Localities
The submerged study localities described in this report occur on the gently sloping
continental shelf of southwestern Onslow Bay at distances of approximately 30km, 40km, and
60km from the present shoreline, and at depths of approximately 25m, 30m, and 35m,
respectively (Fig. 1.2). Each submerged study area contains a localized (<1000m2) hardbottom
limestone scarp that is underlain by clay. Immediately adjacent to these scarps and clays is an
unconsolidated, residual lag deposit of fossiliferous sediment (Fig. 1.3). The shallower locality
documented in this study exposes a scarp consisting of orange-gray limestone that exhibits an
extensively bioeroded and encrusted surface and underlying brown-gray clay that contains thin
sand lenses and is frequently bioeroded (Fig. 1.3:1–2). In contrast, the intermediate and deeper
shelf localities expose a scarp consisting of tan-gray sandy limestone that is underlain by grayblue clay that contains some bioerosion (Fig. 1.3:3–4). The residual lag deposits that abut the
limestone scarps in all three submerged shelf localities consist of poorly sorted sand containing
various amounts of well-rounded, poorly sorted, cobble and pebble clasts of sandstone,
limestone, microsphorite, quartz, and an abundance of large megatoothed shark teeth, including
those of Otodus megalodon (Agassiz, 1835), and other marine vertebrate fossils. It is of
additional importance to note that this concentration of vertebrate fossils is not laterally
expansive and becomes impoverished with increasing distance from the scarps (Fig. 1.3:1;
1.3:3).
At the shallower shelf locality, mixing has occurred between Miocene and Pliocene
shark teeth, other marine vertebrate fossils, and isolated Pleistocene terrestrial mammal teeth
(Figs. 1.3–1.6; Table 1.1). In contrast, the intermediate and deeper shelf localities only contain
the remains of Pliocene marine vertebrates with a noticeable concentration of large O.
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megalodon teeth (Figs. 1.3; 1.6; Table 1.1). Many of these vertebrate fossils, including the
lamniform and carcharhiniform teeth described in this report, exhibit variable degrees of
taphonomic wear, carbonaceous encrustation, and bioerosion that attest to a complex taphonomic
history associated with both glacioeustactically driven sea level fluctuation and the effects of
modern coastal storm events (e.g., Riggs et al., 1998; Wren and Leonard, 2005; Maisch et al.,
2016).

Figure 1.3: Geology of the three submerged localities. 1) Cross-sectional diagram of the Pungo River
Formation as exposed at the shallower shelf locality. 2) Underwater image of large, abundant cobble clasts,
designated by arrows, exposed on the seafloor at the shallower shelf locality. 3) Cross-sectional diagram of
the Yorktown Formation as exposed at the intermediate and deeper shelf localities. 4) Underwater image of
Yorktown Formation clay with bioerosion indicated by arrows. 5) Underwater image of large, encrusted
Otodus megalodon tooth from the shallower shelf locality (Image courtesy of Capt. Z. DeWitt).

10

As a result, the three submerged Onslow Bay shelf localities contain assemblages of
lamniform and carcharhiniform teeth and other vertebrate fossils that have been reworked and
hydrodynamically sorted such that smaller, more delicate fossil remains, including
chondrichthyan microteeth, are uncommon or absent. Comparison of substrate and fossil
samples, recovered over the course of multiple dives from each of the three localities by the lead
author (HM), to prior research on land-based and submerged Miocene and Pliocene exposures in
North Carolina, identifies the limestone scarp and underlying brown-gray clay at the shallower
shelf locality as the Pungo River Formation and the limestone scarp and underlying gray-blue
clay present at the intermediate and deeper shelf localities as the Yorktown Formation (Figs. 1.1–
1.2; Riggs et al., 1982; Purdy et al., 2001; Ward, 2007). These identifications are also consistent
with the stratigraphic and formation boundaries of substrate sediments in Onslow Bay
constructed by Snyder et al. (1982) and Snyder et al. (1988; 1993) as seen in Figure 1.1.1.
Furthermore, additional studies indicate: 1) the Pliocene Yorktown Formation was originally
deposited on the shallower shelf and has been subsequently eroded away by sea level cyclicity
(leaving behind diagnostic vertebrate fossil bioclasts including the lamniform and
carcharhiniform shark teeth discussed in this study); 2) the Miocene Pungo River Formation is
≈20m below the sea floor in the intermediate and deeper shelf region; and 3) the intermediate
and deeper shelf localities contain localized outcrops of the Pliocene Yorktown Formation
exposed on the seafloor (Roberts and Pierce, 1967; Cleary and Pilkey, 1968; Meisberger, 1979;
Lewis et al., 1982; Blackwelder et al., 1982; Snyder, 1990; 1993; Riggs et al., 1996; 1998;
Schmid, 1996; Renaud et al., 1997). For additional descriptions of the Pungo River and
Yorktown formations from land-based exposures see: Kimrey (1964); Gibson (1967); Miller
(1982); Riggs et al. (1982); Purdy et al. (2001); and Ward (2007).
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Collecting Methods and Laboratory Procedures
The lamniform and carcharhiniform teeth featured in this report were collected over a
six-year period during multiple weeks of SCUBA diving based in Carolina Beach, North
Carolina. Dives on the shallower, intermediate, and deeper shelf were conducted utilizing
NITROX breathing gas mixtures in an effort to extend collecting time on the seafloor. The
majority of the fossil remains documented in this report were collected from the unconsolidated
sediments exposed on or near the seafloor adjacent to the hardbottom limestone scarps by surface
collecting (Fig. 1.3:5) and bulk sampling. Bulk samples were recovered in both plastic buckets
with lids and fine mesh bags that were raised to the surface utilizing 100lb lift bags. These
samples contained an abundance of smaller carcharhiniform teeth in addition to fragmentary
lamniform teeth and unidentifiable bone fragments. Many of the lamniform and carcharhiniform
teeth reviewed during this study were encrusted with corals, bryozoans, sponges, and algae that
required cleaning with dilute acetic acid and dental picks. Smaller specimens were imaged using
an Olympus SZ61 Binocular Microscope attached to an Infinity-2 digital camera and larger
specimens with a Canon EOS Rebel T5 digital camera. Representative lamniform and
carcharhiniform teeth from the three submerged shelf localities in Onslow Bay included in
Figures 1.4–1.5 were selected from an assemblage of approximately 1500 specimens and
identified based on regional and global literature and specifically Purdy et al. (2001) and
Cappetta (2012). Only the lamniform and carcharhiniform teeth figured in this report have been
reposited in the collections of The Academy of Natural Sciences of Drexel University,
Philadelphia, Pennsylvania, USA, under the catalogue numbers ANSP (24110)–ANSP (24165).
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Systematic Paleontology

Class CHONDRICHTHYES Huxley, 1880
Subclass ELASMOBRANCHII Bonaparte, 1838
Cohort EUSELACHII Hay, 1902
Subcohort NEOSELACHII Compagno, 1977
Order LAMNIFORMES Berg, 1958
Family ODONTASPIDIDAE Müller and Henle, 1838
Genus CARCHARIAS Rafinesque, 1810
Type Species. Carcharias taurus Rafinesque, 1810
Carcharias cf. C. taurus Rafinesque, 1810
Fig. 1.4:1–2; Table 1.1–1.2
Material examined—One anterolateral tooth ANSP (24151).
Description—The main cusp of the anterolateral tooth is erect, slender, widens towards
the base, and contains a smooth labial and a faintly striated lingual surface. A slender,
fragmentary, triangular cusplet is present on both the mesial and distal sides of the main cusp.
The root of the anterolateral tooth is holaulacorhizous with well-defined, broadly-spaced root
lobes.
Remarks—The tooth of Carcharias cf. C. taurus in the Onslow Bay assemblage is
similar to those of Carcharias cuspidata (Agassiz, 1843) however, C. cuspidata anterolateral
teeth have wider main cusps that lack lingual striations, have roots that are more robust, and
contain broad, flattened cusplets (e.g., Purdy et al., 2001; Maisch et al., 2015). Teeth assigned to
Carcharias acutissima (Agassiz, 1843), are similar to and may in fact be synonymous with those
of C. taurus (Reinecke et al., 2011). We currently identify this tooth as Carcharias cf. C. taurus
due to the analysis of only a single, worn specimen from Onslow Bay. However, it is likely this
tooth does in fact belong to C. taurus based on the presence of an erect, narrow main cusp and
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lateral cusplets, faint lingual striations, and slender root. For additional discussion on the
classification of C. taurus see: Suarez et al. (2006); Reinecke et al. (2011); and Cappetta (2012).

Figure 1.4: Lamniform teeth in the Onslow Bay assemblage from the shallower, intermediate, and deeper
shelf localities. 1–2: Carcharias cf. C. taurus (ANSP 24151); 3–6: Isurus oxyrinchus (ANSP 24135–ANSP
24136); 7–10: Otodus chubutensis (ANSP 24127–ANSP 24128); 11–12: Otodus megalodon (ANSP 24110); 13–
14: Carcharodon carcharias (ANSP 24129); 15–18: Carcharodon hastalis (ANSP 24132–ANSP 24133); 19–20:
Alopias grandis (ANSP 24138); 21–22: Parotodus benedinii (ANSP 24139).
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Family LAMNIDAE Müller and Henle, 1838
Genus ISURUS Rafinesque, 1810
Type Species. Isurus oxyrinchus Rafinesque, 1810.
Isurus oxyrinchus Rafinesque, 1810
Fig. 1.4:3–6; Table 1.1–1.2
Material examined—One anterior tooth ANSP (24135), one lateral tooth ANSP
(24136), and 100 additional teeth.
Description—The cusp of the anterior tooth has an apex that is slightly recurved in the
labial direction and is elongate, robust, angled distally, and has smooth labial and lingual
surfaces (Fig. 1.4:3–4). The cusp of the lateral tooth is broad, labio-lingually compressed,
angled distally, and has a triangular shape (Fig. 1.4:5–6). The cutting edges are complete and
no lateral cusplets or serrations are present. The anterior and lateral tooth roots are
holaulacorhizous, although the root of the anterior tooth is lobate and robust, whereas the root
of the lateral tooth is labio-lingually compressed and has a flat, angled basal surface. The
lingual surface of the anterior tooth is eroded, however that of the lateral tooth root bears a
faint nutritive groove.
Remarks—Despite mild heterodonty, I. oxyrinchus teeth lack broad, triangular, bladelike anterior teeth, robust lower anterior teeth, and lateral cusplets, which distinguishes them
from other similar chondrichthyan teeth also found in Onslow Bay, including those belonging to
Carcharodon hastalis (Agassiz, 1838) and Carcharias cf. C. taurus (Purdy et al., 2001; Bor et
al., 2012; Cappetta, 2012). Teeth of Isurus paucus Guitart-Manday (1966) are more robust and
exhibit less labial recurvature of the main cusp than those of I. oxyrinchus. Additionally, teeth of
Anotodus (Isurus) retroflexus (Agassiz, 1838) can be distinguished from those of I. oxyrinchus
due to the presence of callosities near the medial and distal crown base that extend to the
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apical part of the root lobes and labio-lingually thickened crowns in all tooth positions (Bor et
al., 2012). Teeth previously identified as Isurus desori Agassiz, 1843, have been synonymized
with I. oxyrinchus after comparisons between composite dentitions and modern tooth sets
proved the fossil and modern teeth to be identical (e.g., Purdy et al., 2001; Reinecke et al.,
2011; Bor et al., 2012). Although some studies distinguish between large I. oxyrinchus teeth
and those of C. hastalis, the teeth identified as I. oxyrinchus from Onslow Bay are identical to
those reported by Purdy et al. (2001); Reinecke et al. (2011); Bor et al. (2012).
Family OTODONTIDAE Glikman, 1964
Genus OTODUS Agassiz, 1838
Type Species. Otodus obliquus Agassiz, 1838
Otodus chubutensis (Ameghino, 1906)
Fig. 1.4:7–10; Table 1–2
Material examined—One anterior tooth ANSP (24127), one lateral tooth ANSP
(24128), and 200 additional teeth.
Description—The main cusps of the anterior and lateral teeth have regularly serrated
tooth margins and are broad with convex lingual and nearly flat labial surfaces. The lateral tooth
(Fig. 1.4:9–10) is angled distally and has a shorter total height than the anterior tooth (Fig. 1.4:7–
8). Lateral cusplets are broad, triangular-arcuate, finely serrated, usually separated from the main
cusp by a notch, and are present on both anterior and lateral teeth. The anterior and lateral tooth
roots have slightly convex lingual and slightly concave labial surfaces and lack well-defined
nutritive grooves.
Remarks—The presence of regular serrations and occurrence of triangular to arcuate
lateral cusplets through ontogeny distinguishes teeth of O. chubutensis from other similar
chondrichthyan teeth also found in Onslow Bay including O. megalodon and Carcharodon
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carcharias (Linnaeus, 1758) (e.g., Kent, 1994; Purdy et al, 2001; Cappetta, 2012; Ehret et al.,
2012). Otodus chubutensis teeth are similar to those of Otodus angustidens (Agassiz, 1843) that
were described from the Late Oligocene/Early Miocene of North Carolina by Case (1980).
However, O. angustidens teeth have a narrower morphology with lateral cusplets that are more
developed than those of O. chubutensis (e.g., Kent, 1994; Applegate and Espinosa-Arrubarrena,
1996; Gottfried and Fordyce, 2001; Hulbert, 2001; Purdy et al., 2001; Cappetta, 2012).
Additional studies have also documented the presence of lateral cusplets on juvenile O.
megalodon teeth (Purdy, 1998; Purdy et al., 2001; Pimiento et al., 2010; 2013b; Reinecke et al.,
2011; Carrillo-Briceño et al., 2016b; Perez et al., 2017). However, juvenile O. megalodon teeth
differ from those of O. chubutensis since they do not always contain lateral cusplets (Purdy et al.,
2001; Pimiento et al., 2010). Additionally, juvenile O. megalodon teeth that do exhibit lateral
cusplets frequently lack a notch in tooth serrations that separates lateral cusplets from the main
cusp (e.g., Purdy et al., 2001; Marsili et al., 2007; Pimiento et al., 2010; 2013a,b; Reinecke et al.,
2011; Cappetta, 2012; Maisch et al., 2015). From the PCS Phosphate Mine near Aurora, North
Carolina, Purdy et al. (2001) identified teeth of O. chubutensis as Carcharocles subauriculatus
(Agassiz, 1839), however the taxonomy of the megatoothed sharks including “chubutensis” has
since been revised (e.g., See Discussion for O. megalodon; Ehret et al., 2009; Cappetta, 2012;
Shimada et al., 2016).
In Onslow Bay, the degree of taphonomic wear between teeth of O. chubutensis and O.
megalodon at the shallower shelf locality is distinctly different (See Figs. 1.4:7–10; 1.6:1–2;
1.6:4). In this study, teeth of O. chubutensis were only recovered from the shallower shelf
locality where the Miocene Pungo River Formation is exposed. Moreover, teeth identical to
those of O. chubutensis have not been recovered from the intermediate and deeper shelf localities
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that expose the Yorktown Formation and contain an abundance of O. megalodon teeth. These
observations are consistent with seismic stratigraphic, foraminiferal, and strontium-isotopic age
dating analyses for southwestern Onslow Bay that indicate the Pungo River Formation exposed
at the shallower shelf locality was deposited during the Early Miocene (Aquitanian–Burdigalian)
(Snyder, 1988; 1990; Snyder et al., 1988; 1990; 1993; Riggs and Mallette, 1990; Riggs et al.,
2000). Additional discussions regarding the classification and paleogeographic distribution of O.
chubutensis and similar related taxa can be found in: Kent (1994); Zhelezko and Kozlov, (1999);
Hulbert (2001); Purdy et al. (2001); Nyberg et al. (2006); Cappetta (2012); Pimiento et al.
(2013a,b; 2016); Pimiento and Clements (2014); Pimiento and Balk (2015); Carrillo-Briceño et
al. (2016a); and Shimada et al. (2016).
Otodus megalodon (Agassiz, 1835)
Fig. 1.4:11–12; Table 1.1–1.2
Material examined—One upper anterior tooth ANSP (24110) and 400 additional teeth.
Description—The upper anterior tooth is broad and triangular in shape. The main cusp
has a regular and finely serrated tooth margin with a concave labial and slightly convex lingual
surface. Lateral cusplets are absent. The anterior tooth root has a slightly convex lingual and
slightly concave labial surface and lacks a nutritive groove.
Remarks—Large teeth frequently exceeding 10cm in crown height that contain fine,
regular serrations and lack lateral cusplets distinguish teeth of Otodus megalodon from other
similar chondrichthyan teeth also found in Onslow Bay including those of O. chubutensis and C.
carcharias (e.g., Kent, 1994; Purdy et al, 2001; Bor et al., 2012; Cappetta, 2012; Ehret et al.,
2012). Over the last several decades, numerous studies have sought to clarify the problematic
taxonomic placement of “megalodon” and in the process assigned “megalodon” to a series of
different genera. Until recently, researchers were divided between two classification schemes for
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the “megalodon” lineage. Studies suggesting “megalodon” was closely related to modern C.
carcharias assigned this taxon to Carcharodon (e.g., Gottfried et al., 1996; Purdy et al., 2001)
whereas studies suggesting “megalodon” was more closely related to Otodus, placed this taxon
within Carcharocles (Cappetta, 1987; Ehret et al., 2009). A more recent phylogenetic
interpretation of “megalodon” assigns this taxon to Megaselachus, which is one of four
subgenera of Otodus (Cappetta, 2012). The discovery and description of the Early Miocene
taxon, Megalolamna paradoxodon Shimada et al., 2016, also advocates for the placement of
“megalodon” within the genus Otodus although deems the utilization of subgenera unnecessary.
As such, we follow Shimada et al. (2016) and identify these Onslow Bay teeth as Otodus
megalodon.
Globally, teeth belonging to O. megalodon are recognized from Middle Miocene–Late
Pliocene deposits (Cappetta, 2012; Pimiento and Balk, 2015; Pimiento et al., 2016; Perez et al.,
2017). However, studies on regional chondrichthyan assemblages indicate O. megalodon may
also be present in Early Miocene deposits (e.g., Purdy et al., 2001; Pimiento et al., 2010; 2013b;
Carrillo-Briceño et al., 2016b). From the PCS Mine, Purdy et al. (2001) documented O.
megalodon teeth from the Early Miocene (Burdigalian)–Late Pliocene (Piacenzian) and teeth of
O. chubutensis from the Early Miocene (Burdigalian)–Middle Miocene (Langhian). In Onslow
Bay, O. megalodon teeth occur at each of the three submerged shelf localities, whereas O.
chubutensis teeth only occur at the shallower shelf locality where the Miocene Pungo River
Formation is exposed. At the shallower shelf locality, O. megalodon teeth (Figs. 1.6:1–2; 1.6:4)
that occur with those of O. chubutensis (Fig. 1.4:7–10) exhibit greater degrees of taphonomic
wear and indicate that they have been reworked from the Pliocene Yorktown Formation. In
addition to these taphonomic observations, seismic stratigraphic, foraminiferal, and strontium
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isotopic age dating analyses for southwestern Onslow Bay, indicate the Miocene Pungo River
Formation exposed at the shallower shelf locality was deposited in the Early Miocene
(Aquitanian–Burdigalian) (Snyder, 1988; 1990; Snyder et al., 1988; 1990; 1993; Riggs and
Mallette, 1990; Riggs et al., 2000). This indicates that O. megalodon is absent from the Pungo
River Formation exposed at the shallower shelf locality in Onslow Bay. Additional, discussions
regarding the classification and paleogeographic distribution of O. megalodon and similar related
taxa can be found in: Cappetta (1987); Kent (1994); Zhelezko and Kozlov (1999); Hulbert
(2001); Purdy et al. (2001); Renz (2002); Nyberg et al. (2006); Bor et al. (2012); Cappetta
(2012); Ehret et al. (2012); Pimiento et al. (2010; 2013a,b; 2016); Pimiento and Clements
(2014); Pimiento and Balk (2015); Reinecke and Radwański (2015); Carrillo-Briceño et al.
(2016a,b); and Shimada et al. (2016).
Genus CARCHARODON Müller and Henle, 1838
Type Species. Squalus carcharias Linnaeus, 1758
Carcharodon carcharias (Linnaeus, 1758)
Fig. 1.4:13–14; Table 1.1–1.2
Material examined—One upper lateral tooth ANSP (24129), and 100 additional teeth.
Description—The main cusp of the upper lateral tooth is thin with nearly flat lingual
and labial surfaces, angled distally, and has irregular and coarsely serrated tooth margins.
Lateral cusplets are absent. The upper lateral tooth roots are rectilinear with nearly flat
lingual and labial surfaces and may contain nutritive foramina on the lingual surface.
Remarks—The thin, nearly flat, blade-like tooth morphology, presence of irregular, coarse
serrations, and thin, rectilinear roots in upper lateral teeth distinguishes teeth of Carcharodon
carcharias from other similar chondrichthyan teeth also found in Onslow Bay including those of
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C. hastalis, O. chubutensis, and O. megalodon. Although C. hastalis teeth are similar in size and
shape to those of C. carcharias, C. hastalis teeth lack tooth serrations (e.g., Purdy et al, 2001;
Cappetta, 2012; Cione et al., 2012; Ehret et al., 2012). At the PCS Mine, teeth previously
identified as Cosmopolitodus hastalis or Carcharomodus (Carcharodon) escheri (Agassiz, 1843)
may represent a transitional form between C. hastalis and C. carcharias or belong to a related
lamniform taxon (See Purdy et al., 2001: page 118; Ehret et al., 2009; 2012; Cappetta, 2012;
Kriwet et al., 2015). To date, teeth resembling those of C. escheri have not been found in Onslow
Bay; however, they can be identified based on the presence of broad, triangular crowns with
faint, irregular serrations (Purdy et al., 2001; Cappetta, 2012). Numerous reports indicate that
Carcharodon carcharias likely evolved from Carcharodon hastalis, however, this view is not
followed by all researchers (e.g., Casier, 1954; De Muizon and De Vries, 1985; Nyberg et al.,
2006; Cappetta, 2012). Additional discussions regarding the classification of C. carcharias and
similar related taxa can be found in Kent (1994); Applegate and Espinosa-Arubarrena (1996);
Hulbert (2001); Purdy et al. (2001); Nyberg et al. (2006); Cione et al. (2012); Ehret et al. (2012);
Cappetta (2012); Kriwet et al. (2015); Staig et al. (2015); Ebersole et al. (2017); and Landini et
al. (2017).
Carcharodon hastalis (Agassiz, 1838)
Fig. 1.4:15–18; Table 1.1–1.2
Material examined—One upper anterior tooth ANSP (24132), one lower anterior tooth
ANSP (24133); and 200 additional teeth.
Description—The main cusp of the upper anterior tooth has a labially recurved apex,
is broad and triangular, has a convex lingual and slightly convex-flat labial surface, and
smooth tooth margins (Fig. 1.4:15–16). The lower anterior tooth has a slender and anteroposteriorly thickened cusp with a convex labial and nearly flat lingual surface (Fig. 1.4:17–
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18). Lateral cusplets are absent in all tooth positions. The tooth roots are holaulacorhizous
and a nutritive groove with foramina may be present.
Remarks—The triangular, blade-like anterior tooth morphology, labial recurvature of
tooth apices, and absence of serrations distinguishes teeth of Carcharodon hastalis from other
similar chondrichthyan teeth also found in Onslow Bay including those of C. carcharias and I.
oxyrinchus. Traditionally, these teeth were identified as Isurus hastalis, however some studies
have recognized narrow and broad-toothed forms and suggest they represent either: 1)
ontogenetic variation within one species (Leriche, 1926), 2) sexual dimorphism within one
species (Kent, 1994), 3) an evolutionary change in tooth morphology and increase in tooth size
from the Middle Miocene–Pliocene (Van den Bosch et al., 1975; Van den Bosch, 1978), or 4)
two separate species (Purdy al., 2001; Whitenack and Gottfried, 2010; Cione et al., 2012;
Landini et al., 2017).
Additional issues in the taxonomic classification of “hastalis” occur depending on how
researchers view the evolutionary relationship between this taxon and Carcharodon carcharias.
As a result, studies have placed “hastalis” teeth within one of three genera that include:
Carcharodon, Cosmopolitodus, or Isurus and as such, global reports have identified “hastalis”
teeth as: Isurus hastalis Agassiz, 1838 (Uyeno et al., 1990; Applegate and Espinosa-Arrubarrena,
1996; Purdy et al., 2001; Nyberg et al., 2006; Takakuwa, 2014); Isurus xiphodon Agassiz, 1838
(Purdy et al., 2001); Cosmopolitodus hastalis (Glickman, 1964; Ward and Bonavia, 2001; Bor et
al., 2012; Cappetta, 2012; Betancort et al., 2016; Ebersole et al., 2017; Collaretta et al., 2017a;
Landini et al., 2017); Cosmopolitodus plicatilus Agassiz, 1843 (Landini et al., 2017);
Carcharodon plicatilus Agassiz, 1843 (Cione et al., 2012; Staig et al., 2015); or Carcharodon
hastalis (Ehret et al., 2009; 2012). Taxonomic assessments that separate narrow and broad-
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toothed “hastalis” morphotypes into different species associate the narrow-toothed form with
“hastalis” and the broad-toothed form with “xiphodon/plicatilus” however, in contrast, other
studies that do not support the separation of “hastalis” morphotypes into separate species
associate both narrow and broad-toothed forms with “hastalis” (See References listed above and
in particular: Purdy et al., 2001; Whitenack and Gottfried, 2010; Bor et al., 2012; Cappetta,
2012; Cione et al., 2012; Ehret et al., 2009; 2012; Collareta et al., 2017a; Landini et al., 2017).
Another complication in the proper taxonomic placement of “hastalis” derives from
weakly and irregularly serrated teeth such as Carcharomodus (Carcharodon) escheri (Agassiz,
1843), Carcharodon hubbelli (Ehret et al., 2012), and the teeth of other similar lamnid taxa
known from Late Miocene and Early Pliocene stratigraphic horizons around the world. These
species have been interpreted to represent either closely-related or transitional taxa between
“hastalis” and Carcharodon carcharias and suggest lamniforms were more diverse during the
Neogene than previously thought (e.g., De Muizon and De Vries, 1985; Nyberg et al., 2006;
Ehret et al., 2009; 2012; Cione et al., 2012; Cappetta, 2012; Kriwet et al., 2015). Interestingly, a
faintly-serrated tooth figured and identified as Isurus xiphodon by Purdy et al. (2001: page 118)
from the PCS Phosphate Mine may in fact belong to a taxon that is endemic to the western
Atlantic and similar to Carcharomodus (Carcharodon) escheri (e.g., Kriwet et al., 2015).
As briefly addressed above, the taxonomic placement of “hastalis” has been revised
multiple times and is still under debate despite the globally ubiquitous occurrence of this
megatoothed taxon. Following current taxonomic designations, the Onslow Bay “hastalis” teeth
can be identified as either Cosmopolitodus hastalis, Cosmopolitodus plicatilus, Carcharodon
plicatilus, or Carcharodon hastalis. Until future research and new discoveries elucidate the
phylogeny of “hastalis”, we follow Ehret et al. (2012) and identify these Onslow Bay teeth as
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Carcharodon hastalis. The documentation of C. hastalis from the Pliocene Yorktown Formation
of Onslow Bay in this report reinforces the known distribution and stratigraphic occurrence of
this taxon and clarifying the phylogeny of “hastalis” is beyond the scope of this paper.
Additional discussions regarding the classification and paleogeographic distribution of
Carcharodon hastalis and similar related taxa can be found in Uyeno et al. (1990); Kent (1994);
Hulbert (2001); Purdy et al. (2001); Nyberg et al. (2006); Bor et al. (2012); Cappetta (2012);
Ehret et al. (2009; 2012); Kriwet et al. (2015); Staig et al. (2015); Shimada et al. (2016);
Ebersole et al. (2017); Collareta et al. (2017a); and Landini et al. (2017).
Genus PAROTODUS Cappetta, 1980
Type Species. Oxyrhina benedinii Le Hon, 1871
Parotodus benedinii (Le Hon, 1871)
Fig. 1.4:21–22; Table 1.1–1.2
Material examined—One lateral tooth ANSP (24139) and 15 additional teeth.
Description— The cusp of the lateral tooth is robust, has a D-shaped cross-section, hooklike distal curvature, smooth and flat labial surface, and convex lingual surface. The cutting
edges are complete and no lateral cusplets or serrations are present. The root of the lateral tooth
is markedly robust with basally oriented and rounded root lobes and contains a large lingual
protuberance lacking a nutritive groove.
Remarks—The presence of thick and robust, non-serrated teeth with a distinct hook-like
distal curvature distinguishes those of P. benedinii from other similar chondrichthyan teeth also
found in Onslow Bay including Alopias grandis (Leriche, 1942), C. hastalis, and O. megalodon.
To date, the most complete and associated dentition of P. benedinii consists of 114 teeth and was
described by Kent and Powell (1999) from the Pliocene Yorktown Formation at the PCS
Phosphate Mine. Teeth from this dentition were shown to exhibit unique morphology and
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placement within the jaws, thereby reinforcing the placement of this taxon within its own genus.
Recent interpretation also suggests Parotodus diverged from Otodus and underwent increases in
body size across the Cenozoic (Cappetta, 2012). In comparison to teeth belonging to other
lamniforms including O. megalodon, C. carcharias, and C. hastalis, teeth of P. benedinii are
infrequently recovered from the submerged shelf of Onslow Bay and contemporaneous deposits
from around the world (e.g., Bor et al., 2012; Cappetta, 2012).
Family ALOPIIDAE Bonaparte, 1838
Genus ALOPIAS Rafinesque, 1810
Type Species. Alopias macrourus Rafinesque, 1810
Alopias grandis (Leriche, 1942)
Fig. 1.4:19–20; Table 1.1–1.2
Material examined—One lateral tooth ANSP (24138).
Description—The lateral tooth cusp is angled distally in a hook-like shape, has a
smooth tooth margin, and convex lingual and nearly flat labial tooth surfaces. Tooth enamel
extends lower on the lingual surface relative to the labial surface. The tooth root has welldefined root lobes separated by a distinct U-shape, a convex lingual surface and near flat
labial surface. No nutritive groove is present.
Remarks—The presence of a cusp with hook-like distal curvature, a U-shaped
separation between root lobes and thinner, less robust lingual-labial thickness distinguishes
teeth of Alopias grandis from other similar chondrichthyan teeth also found in Onslow Bay
including those of Parotodus benedinii (Le Hon, 1871), C. hastalis, and I. oxyrinchus.
Although teeth of P. benedinii also have erect root lobes that are separated by a U-shaped
gap, they are much more robust and contain a well-defined lingual protuberance (Cappetta,
2012). Teeth of Miocene and Pliocene Alopias species identified as Alopias superciliosus
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(Lowe, 1840) and Alopias vulpinus (Bonnaterre, 1788) from the PCS Phosphate Mine can be
distinguished from those of A. grandis based on smaller overall sizes, pronounced lingual
protuberances, and labial surfaces with enamel extending towards the root base (Purdy et al.,
2001). Small-toothed Alopias taxa were not recovered from Onslow Bay during this study
and in contrast, Purdy et al. (2001) did not describe Alopias grandis from the PCS Phosphate
Mine. In comparison to teeth belonging to other lamniforms including O. megalodon, C.
carcharias, C. hastalis, and P. benedinii, those of A. grandis are rarely recovered from the
submerged shelf of Onslow Bay. Ongoing study of Alopias grandis, along with a serrated
morphotype, by Ward and Kent (2015) may provide additional details on this rare species.
Order CARCHARHINIFORMES Compagno, 1973
Family CARCHARHINIDAE Jordan and Evermann, 1896
Genus HEMIPRISTIS Agassiz, 1835
Type Species. Hemipristis serra Agassiz, 1835
Hemipristis serra Agassiz, 1835
Fig. 1.5:1–4; Table 1.1–1.2
Material examined—One upper lateral tooth ANSP (24140), one lower anterior tooth
ANSP (24141), and 100 additional teeth.
Description—The cusp of the upper lateral tooth (Fig. 1.5:1–2) is triangular, coarselyserrated, and angled distally. Serrations increase in size toward the cusp apex but terminate
slightly below the apex. Serrations on the distal margin are larger than those on the mesial
margin. The root of the upper lateral tooth is holaulacorhizous and has a well-developed lingual
protuberance containing a nutritive groove. The mesial root branches are flatter and taper to a
point whereas the distal branches have rounded lobes. The cusp of the lower anterior tooth (Fig.
1.5:3–4) is long, robust, sigmoidal, and bent lingually. The cutting edge on the lower tooth is
limited to the apical portion of the cusp. A short, triangular lateral cusplet is present on the distal
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and mesial tooth shoulder. The root of the lower anterior tooth is holaulacorhizous, mesiodistally compressed, and contains a robust lingual protuberance.

Figure 1.5: Carcharhiniform teeth in the Onslow Bay assemblage from the shallower, intermediate, and
deeper shelf localities. 1–4: Hemipristis serra (ANSP 24140–ANSP 24141); 5–8: Carcharhinus priscus (ANSP
24147–ANSP 24148); 9–10: Carcharhinus falciformis (ANSP 24163); 11–12: Negaprion brevirostris (ANSP
24150); 13–14: Physogaleus contortus (ANSP 24144); 15–16: Galeocerdo aduncus (ANSP 24145); 17–18:
Galeocerdo cuvier (ANSP 24146); 19–20: Rhizoprionodon sp. (ANSP 24149). Orientations: Lingual=1, 3, 5, 7,
9, 11, 13, 15, 17, 19. Labial=2, 4, 6, 8, 10, 12, 14, 16, 18, 20. Scale bars: 1–4; 17–18=2cm and 5–16; 19–20=1cm.

Remarks—The presence of flattened, distally-hooked, coarsely-serrated upper lateral
teeth with thin roots containing robust lingual protuberances and lower anterior teeth that have
slender cusps with robust roots distinguishes H. serra from other similar chondrichthyan teeth
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also found in Onslow Bay including Galeocerdo aduncus Agassiz, 1843, Physogaleus contortus
(Gibbes, 1849), and Galeocerdo cuvier (Perón and Lesueur, 1822). Teeth of H. serra can be
distinguished from the Eocene species, Hemipristis curvatus Dames, 1883, due to their larger
overall size and the presence of serrations, that increase in size towards the cusp apex, on both
the mesial and distal tooth margins on upper teeth (Cappetta, 2012). Teeth of H. serra display
strong dignathic heterodonty allowing distinction between upper and lower jaw positions where
upper teeth are broad, coarsely serrated, and distally inclined, and lower teeth are narrow and
erect, incompletely serrated, and have a large lingual protuberance on the root (Purdy et al, 2001;
Cappetta, 2012). Additional research indicates H. serra teeth increased in size between the
Miocene and Pliocene (e.g., Purdy et al., 2001; Chandler et al., 2006).
Genus CARCHARHINUS Blainville, 1816
Type Species. Carcharias melanopterus Quoy and Gaimard, 1824
Carcharhinus priscus (Agassiz, 1843)
Fig. 1.5:5–8; Table 1.1–1.2
Material examined—One upper antero-lateral tooth ANSP (24147), one lower lateral
tooth ANSP (24148), and 75 additional teeth.
Description—The crown of the upper antero-lateral tooth contains an erect cusp,
serrated cutting edge, and serrated tooth shoulders (Fig. 1.5:5–6). The labial tooth surface is
nearly flat, the lingual surface is convex, and both surfaces are smooth. The crowns of some
antero-lateral teeth may only have serrations on the tooth shoulders. Serrations on the main
cusp decrease in size towards the tooth apex. The lower lateral tooth is thin, erect, and
contains faint serrations on the tooth shoulders that decrease in size and progress onto the
main cusp (Fig. 1.5:7–8). The roots of upper antero-lateral and lower lateral teeth are
holaulacorhizous and contain a shallow nutritive groove on the lingual surface. The root of the
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lower lateral tooth has a nearly flat basal surface while that of the antero-lateral tooth is wider,
thinner, and has a more concave separation between root lobes.
Remarks—The presence of serrations on the main cusps that progress onto the tooth
shoulders without being separated by a distinct notch distinguishes C. priscus from other similar
chondrichthyan teeth also found in Onslow Bay including Carcharhinus falciformis (Bibron,
1839 in Muller and Henle 1838–1841) and Negaprion brevirostris (Blake, 1862). Multiple
Cenozoic Carcharhinus species including the seven identified by Purdy et al. (2001) from the
PCS Phosphate Mine (i.e., Carcharhinus brachyurus (Günther, 1870), Carcharhinus
falciformis, Carcharhinus leucas (Valenciennes, 1839, in Müller and Henle, 1839–1841),
Carcharhinus macloti (Müller and Henle, 1839), Carcharhinus obscurus (Le Sueur, 1818),
Carcharhinus perezi (Poey, 1876), and Carcharhinus plumbeus (Nardo, 1827)) are similar to
C. priscus described here. In particular, Purdy et al. (2001) assigned teeth resembling those of
C. priscus identified in this report as C. perezii. However, comparison of modern C. perezii
teeth to isolated fossil teeth of C. priscus indicates that C. perezii, tooth serrations are coarser
(Voigt and Weber, 2011). Additionally, teeth identified as Carcharhinus gibbesi (Woodward,
1889) may appear similar to those of C. priscus however, upper teeth of C. gibbesi are known
to have smooth main cusps and coarsely serrated tooth shoulders whereas lower teeth have
smooth main cusps and tooth shoulders (Cicimurri and Knight, 2009). The identification of
these Onslow Bay teeth to C. priscus compares favorably with those of C. priscus identified by
Reinecke et al. (2011) and Maisch et al. (2015) and is based on the recovery of numerous,
similar specimens from positions within the upper and lower jaws that exhibit: 1) partially
serrated cusps that are continuous with the tooth shoulders, 2) weakly serrated tooth shoulders,
3) thin roots with widely spaced root lobes, and 4) the presence of a small nutritive groove on
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the lingual root surface. As identified in numerous studies, intraspecific variations such as
ontogenetic heterodonty and sexual dimorphism present in teeth of extant Carcharhinus
species makes identifying isolated fossil teeth of Carcharhinus difficult since separate fossil
taxa may in fact represent intraspecific variations within the same taxon (e.g., Garrick, 1982;
Compagno, 1988; Grace, 2001; Purdy et al., 2001; Voigt and Weber, 2011). Additional
comparison between C. priscus and similar, related Cenozoic carcharhinids can be found in
Naylor and Marcus (1994); Purdy et al. (2001); Kocsis (2007); Marsili (2007); Reinecke et al.
(2011); Bor et al. (2012); Cappetta (2012).
Carcharhinus falciformis (Bibron, 1839 in Müller and Henle, 1838–1841)
Fig. 1.5:9–10; Table 1.1–1.2
Material Examined—One upper antero-lateral tooth ANSP (24163) and 20 additional
teeth.
Description—The crown of the antero-lateral tooth is triangular, erect, weakly serrated,
and has coarsely serrated tooth shoulders that are separated from the main cusp by a notch.
The labial tooth surface is nearly flat and the lingual surface is slightly convex. The root of the
upper antero-lateral tooth is holaulacorhizous, labio-lingually compressed, and contains a
shallow nutritive groove on the lingual surface.
Remarks—The presence of coarser serrations on upper anterior tooth shoulders that are
separated from progressively finer serrations on the main cusp by a notch distinguishes
Carcharhinus falciformis from those of C. priscus and N. brevirostris also found in Onslow Bay.
Additional, similar teeth belonging to C. obscurus, C. plumbeus, and C. leucas were reported
from the PCS Phosphate Mine by Purdy et al. (2001) however, these teeth have tooth crowns
that are broader, more triangular and robust, and contain coarser serrations (e.g., Purdy et al.,
2001; Voigt and Weber, 2011). For additional discussions on C. falciformis and related taxa
30

see: Garrick (1982); Compagno (1988); Naylor and Marcus (1994); Grace (2001); Purdy et al.
(2001); Carnevale et al. (2006); Reinecke et al. (2011); Voigt and Weber (2011); Cappetta
(2012); Marsili (2007); Carrillo-Briceño et al. (2016b).
Genus NEGAPRION Whitley, 1940
Type Species. Aprionodon acutidens subsp. queenslandicus Whitley, 1939
Negaprion brevirostris (Poey, 1868)
Fig. 1.5:11–12; Table 1.1–1.2
Material examined—One anterior tooth ANSP (24150) and five additional teeth.
Description—The crown of the anterior tooth is erect, has complete, smooth cutting
edges, and well-developed tooth shoulders that contain low, faint serrations separated from the
main cusp by notches. The root of the anterior tooth is holaulachorhizous, widely divergent, and
contains a faint nutritive groove.
Remarks—The presence of well-developed, serrated tooth shoulders and a smooth main
cusp distinguishes N. brevirostris from other similar chondrichthyan teeth also found in Onslow
Bay including C. priscus and C. falciformis. Negaprion brevirostris teeth differ from those of
Negaprion eurybathrodon (Blake, 1862) that were identified at the PCS Phosphate Mine by
Purdy et al. (2001), because anterior teeth display larger, more erect crowns and contain welldeveloped, partially serrated tooth shoulders. Additional discussions regarding the classification
of N. brevirostris can be found in White (1955); Antunes and Jonet (1970); Longbottom, 1979;
Purdy et al. (2001); Ward and Bonavia (2001); Kocsis (2007); Bor et al. (2012).
Genus PHYSOGALEUS Cappetta, 1980
Type Species. Trigonodus secundus Winkler, 1876
Physogaleus contortus (Gibbes, 1849)
Fig. 1.5:13–14; Table 1.1–1.2
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Material examined—One lateral tooth ANSP (24144) and 75 additional teeth.
Description—The crown of the lateral tooth is smooth with a flat labial surface and
convex lingual surface. The cusp is angled distally and becomes more acute further from the
symphysis, is dorso-ventrally elongated, and has a sigmoidal profile. The distal tooth margins
contain a weakly developed distal notch and serrated shoulder. Serrations on the distal tooth
shoulder are coarse, those on the apical and mesial tooth margins are fine, and compound
serrations are not present. The root of the lateral tooth is holaulacorhizous and contains a
nutritive groove in the center of a robust lingual protuberance. Greater root surface area is
exposed on the lingual surface.
Remarks—The presence of elongated cusps with sigmoidal profiles, finely serrated tooth
margins except on the distal heels, and robust roots bearing lingual protuberances with nutritive
grooves distinguish teeth of P. contortus from other similar chondrichthyan teeth also found in
Onslow Bay including G. aduncus, and G. cuvier. Taxonomic reassessment placed this species in
the genus Physogaleus rather than Galeocerdo based on shared characteristics including robust
roots, narrow, erect, and sigmoidal cusps, and finely serrated tooth margins (e.g., Ward and
Bonavia, 2001; Reinecke et al., 2011; Bor et al., 2012; Cappetta, 2012).
Genus GALEOCERDO Müller and Henle, 1837
Type Species. Squalus cuvier Perón and Lesueur, 1822
Galeocerdo aduncus Agassiz, 1843
Fig. 1.5:15–16; Table 1.1–1.2
Material examined—One lateral tooth ANSP (24145) and 50 additional teeth.
Description—The crown of the lateral tooth is smooth with a flat labial surface and
slightly convex lingual surface. The cusp is angled distally and a distinct distal notch separates
the main cusp from the distal heel. The distal heel contains well-developed, coarse serrations
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which decrease in size towards the cusp apex however, compound serrations are not present.
The mesial tooth margin contains fine serrations that are present from the base of the enamel
to the cusp apex. The root of the lateral tooth is holaulacorhizous, thin, and contains a short,
shallow nutritive groove on the lingual surface. Greater root surface area is exposed on the
lingual surface and the basal, lingual root surface is slightly concave.
Remarks—The presence of coarsely serrated distal heels, finely serrated mesial and
apical tooth margins, lack of sigmoidal crown profiles, and thin roots lacking lingual
protuberances with small, shallow nutritive grooves distinguishes teeth of G. aduncus from
other similar chondrichthyan teeth also found in Onslow Bay including G. cuvier and P.
contortus (Bor et al., 2012; Cappetta, 2012). Teeth of G. aduncus also differ from those of G.
cuvier since they lack compound serrations, have a smaller overall size, and do not occur in
the Pliocene. Similar teeth found at the PCS Phosphate Mine were identified as Galeocerdo
sp. by Purdy et al. (2001) since the type specimen of G. aduncus was unable to be examined.
Some researchers have also suggested that the teeth of G. aduncus and P. contortus may
represent sexual dimorphism or upper and lower jaw teeth of the same species (Ward and
Bonavia, 2001). However, some European Miocene localities are known to contain an
abundance of G. aduncus teeth and lack or infrequently contain teeth identified as P. contortus
(Reinecke et al., 201l; Bor et al., 2012; Cappetta, 2012). We follow the traditional taxonomic
assignment of these Miocene teeth and identify them as Galeocerdo aduncus.
Galeocerdo cuvier (Perón and Lesueur, 1822)
Fig. 1.5:17–18; Table 1.1–1.2
Material examined—One lateral tooth ANSP (24146) and 25 additional teeth.
Description—The crown of the lateral tooth is smooth with a flat labial surface and
convex lingual surface. The cusp is angled distally and contains a distinct distal notch that
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separates the main cusp from the distal heel. The distal heel and mesial tooth margin contain
well-developed, compound, coarse serrations that decrease in size towards the cusp apex. The
lateral tooth root is holaulacorhizous, robust, and more exposed on the lingual surface where
a short, nutritive groove is present.
Remarks—The presence of coarse, compound serrations, thick roots with lingual
protuberances containing shallow nutritive grooves, and a larger overall size distinguishes
teeth of G. cuvier from other similar chondrichthyan teeth also found in Onslow Bay
including those of G. aduncus and P. contortus (Bor et al., 2012; Cappetta, 2012). At the PCS
Phosphate Mine, Purdy et al. (2001) identified similar teeth as Galeocerdo cf. G. cuvier on the
basis that some basal and apical mesial cutting edges are straight creating an obtuse angle that
is usually only seen in juveniles and not adults of the modern species. We follow Cappetta
(2012) and identify these large, Pliocene teeth containing compound serrations as Galeocerdo
cuvier.
Genus RHIZOPRIONODON Whitley, 1929
Type Species. Scoliodon crenidens Klunzinger, 1880
Rhizoprionodon sp.
Fig. 1.5:19–20; Table 1.1–1.2
Material Examined—One lateral tooth ANSP (24149) and three additional teeth.
Description—The crown of the lateral tooth contains a slender, needle-like, and
distally inclined main cusp that contains a complete cutting edge and pronounced, unserrated,
distal heel. The labial tooth face overhangs the root and displays a convex ridge parallel to the
root base while the lingual face is nearly flat. The root is holauchorhizous, rectilinear, and
contains a nutritive groove.
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Remarks—The presence of slender main cusps, well-defined distal heels, and absence
of serrations distinguishes teeth of Rhizoprionodon sp. from other similar chondrichthyan
teeth also found in Onslow Bay including P. contortus, C. priscus, and C. falciformis.
Rhizoprionodon sp. teeth can also be distinguished from those of Scoliodon sp. by the lack of
labial tooth enamel overhanging the root and from those of Sphyrna sp. due to the presence of
tall, slender, and sigmoidal main cusps. Tooth morphologies of extant genera including
Scoliodon, Loxodon, and Rhizoprionodon are very similar and distinctions are further
complicated due to sexual dimorphism and ontogenetic heterodonty that also occurs among
these genera (Springer, 1964; Cappetta, 2012). As such, we refrain from lower level
taxonomic classification until further studies are conducted on the teeth of Rhizoprionodon sp.
Discussion
Composition of the Onslow Bay Assemblage
The Onslow Bay assemblage described in this report consists of eight lamniform and
eight carcharhiniform taxa (Figs. 1.4–1.5; Tables 1.1–1.2). These taxa include a mixture of six
megatoothed species and globally ubiquitous pelagic and migratory lamniforms and
carcharhiniforms (e.g., Compagno et al., 2005; Jorgensen et al., 2010; Cappetta, 2012). Teeth
from this assemblage exhibit morphologies that are indicative of grasping/clutching and
cutting/slicing dentitions that are well suited for feeding on fish, marine mammals, and a variety
of other prey items (e.g., Purdy et al., 2001; Compagno et al., 2005; Cappetta, 2012). The
feeding preferences of fossil and extant lamniforms and carcharhiniforms have also been
interpreted through bite marks on skeletal elements of marine vertebrates, calcium-isotopic
signatures, and shark tooth performance tests in different prey items and feeding strategies (e.g.,
Wilga et al., 2007; Whitenack and Motta, 2010; Martin et al., 2015; Corn et al., 2016; Collareta
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et al., 2017b). Many of the Onslow Bay lamniforms and carcharhiniforms are also indicative of
nutrient-rich, nearshore marine environments however, the availability of deeper water to the
east is supported by the occurrence of taxa including O. chubutensis, O. megalodon, C.
carcharias, C. hastalis, and I. oxyrinchus (Purdy et al., 2001; Compagno et al., 2005). These taxa
are known to frequent nearshore and pelagic habitats and are capable of large-scale, open-ocean
migrations (e.g., Purdy, 1998; Purdy et al., 2001; Compagno et al., 2005; Cappetta, 2012).
Noticeably absent from the Onslow Bay assemblage are chondrichthyans with distinct, deepwater affinities such as Hexanchus and Megachasma (e.g., Compagno et al., 2005; Cappetta,
2012).
Teeth from the Onslow Bay lamniforms and carcharhiniforms range in size from ≈0.5cm
to >10cm in crown height and large teeth of O. megalodon are abundant. The largest O.
megalodon tooth observed during this study (Fig. 1.6:1) was an anterior tooth measuring 14cm in
crown height that likely belonged to a shark >12m in total length (e.g., Gottfried et al., 1996;
Shimada, 2003; Pimiento et al., 2010; Pimiento and Balk, 2015). Teeth measuring <0.5cm within
surface and bulk sampled sediments from the submerged localities in Onslow Bay have not been
recovered. We attribute the lack of microteeth and abundance of megateeth, from sharks
including O. chubutensis and O. megalodon, to be a taphonomic and hydrodynamic bias since
active physical and chemical erosion has been occurring on the seafloor in Onslow Bay since the
Late Pliocene–present day.
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Figure 1.6: Additional, unique fossil remains from the Onslow Bay assemblage recovered from the shallower,
intermediate, and deeper shelf localities. 1: Large tooth of Otodus megalodon likely from an individual with a
total length >12m based on a crown height measurement of 14cm (In the private collection of B. Karasik). 2:
Tooth of O. megalodon displaying angular cusp break that may have been caused by feeding damage as
described by Becker et al. (2000) and Becker and Chamberlain (2012) (In the private collection of B. Major). 3:
Cetacean phalange with traces of feeding damage, indicated by arrows, from a large chondrichthyan (e.g., O.
megalodon) (In the private collection of Capt. S. Jenkins). Evidence of bioerosion from endolithic bivalves
(e.g., Lithophaga sp.), indicated by arrows, in vertebrate fossils including (4) Cetacean bone and (5) O.
megalodon tooth. Pleistocene megafaunal remains recovered from the shallower shelf locality: (6) mastodon
tooth and (7) mammoth tooth (Both teeth in the private collection of Capt. S. Jenkins).
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Shark teeth in the Onslow Bay assemblage also co-occur with the bones and teeth of
Miocene and Pliocene marine mammals (whales, seals, porpoises, dugongs) and teeth of
Pleistocene terrestrial mammals (mastodons and mammoths) (Fig. 1.6:6–7). Some of these cooccurring marine mammal bones also infrequently exhibit evidence of predation or scavenging
that can be attributed to large lamniform shark teeth such as those belonging to O. megalodon
(Fig. 1.6:5). Additionally, accumulations of lamniform and carcharhiniform teeth and marine
mammal remains adjacent to the submerged limestone scarps frequently contain borings created
by endolithic bivalves such as Lithophaga sp. (Fig. 1.6:3–4).
Biostratigraphy and Correlative Properties of the Onslow Bay Assemblage
A comparison of the 16 lamniforms and carcharhiniforms in the Onslow Bay assemblage
with other assemblages in North Carolina and along the ACP can be seen in Table 1.1. These
assemblages occur across 1600km of the ACP and the data in Table 1.1 indicate that six Onslow
Bay species occur in all of the Miocene assemblages whereas ten species occur in all of the
Pliocene assemblages. This comparison reinforces the chronological age assignments and
biostratigraphic implications of the Onslow Bay lamniforms and carcharhiniforms where
specifically, O. chubutensis; G. aduncus, and P. contortus occur in the Miocene while G. cuvier,
P. benedinii, C. carcharias, and large O. megalodon occur in the Pliocene (Purdy et al., 2001;
Cappetta, 2012). The chronological ages of the Miocene and Pliocene Onslow Bay taxa in
Onslow Bay are also reinforced by prior seismic stratigraphic studies that indicate the Pungo
River Formation is exposed at the shallower shelf locality and is Early Miocene (AquitanianBurdigalian) in age and the Yorktown Formation is exposed at the intermediate and deeper shelf
localities and is Early–Late Pliocene (Zanclean-Piacenzian) in age (e.g., Snyder et al., 1982;
1988; 1993; Riggs, 1984; 1995; 2000; Purdy et al., 2001).
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Table 1.1: Comparison of the Onslow Bay shark assemblage (Onslow Embayment) to other well-known
Miocene and Pliocene-aged shark assemblages from adjacent and distant basins along the Atlantic Coastal
Plain of the USA. Formation assignments, age ranges of formations, and occurrence data summarize the
literature of: Kent (1994); Purdy (1998); Hulbert (2001); Purdy et al. (2001); Bryan et al. (2008); Cappetta
(2012); Maisch et al. (2015); Hastings and Dooley (2017). Formation abbreviations: PuR=Pungo River;
YT=Yorktown; PeR=Peace River; Cal.=Calvert; Chop.=Choptank; St. M.=St. Mary’s’ East.=Eastover;
Kirk.=Kirkwood. Geologic Age: (M)=Miocene; (P)=Pliocene. For the shallower shelf locality in Onslow Bay,
XM indicates teeth derive from the Miocene Pungo River Formation whereas XP indicates teeth derive from
the Pliocene Yorktown Formation. Teeth from species that occur in both formations are indicated by XMP.

Regional Correlation of the Onslow Bay Shark Assemblage
State(s)/Region(s)

Embayment

NC shelf

NC

FL

MD,VA

Onslow (This Study)

Aurora

South FL

Salisbury

(Hulbert,
(Kent, 1994;
2001; Bryan Hastings and
et al., 2008) Dooley, 2017)

Shallow
Shelf

Int. and
Deep Shelf

Formation(s)

PuR(M)
and YT(P)

YT(P)

PuR(M)

YT(P)

PeR(M-P)

Stage Boundary

Bur-Ser;
Zan-Pia

Zan-Pia

Bur-Ser

Zan-Pia

Lan-Zan

X
X
X
X
X
X
X

X
X
X
X
X
X

X
X
X
X
X

X
X

X
X
X
X
X
X
X
X

Lamniforms
Otodus chubutensis
XM
Otodus megalodon
XP
X
Carcharodon carcharias
XP
X
Carcharodon hastalis
XP
X
Isurus oxyrinchus
XMP
X
Carcharias taurus
XP
X
Parotodus benedinii
XP
X
Alopias grandis
XP
X
Carcharhiniforms
Hemipristis serra
XMP
X
Galeocerdo cuvier
XP
X
Galeocerdo aduncus
XM
Physogaleus contortus
XM
Carcharhinus priscus
XMP
X
Carcharhinus falciformis
XMP
X
Negaprion brevirostris
XP
X
Rhizoprionodon sp.
XMP
X
Epoch and Stage Boundary Abbreviations:
(M)=Miocene
Aqu=Aquitanian
(P)=Pliocene
Bur=Burdigalian

(Purdy et al., 2001)

X
X
X
X
X
X

X
X
X
X

X

Lan=Langhian
Ser=Serravalian

DE

NJ

Salisbury Raritan
(Purdy, (Maisch et
1998)
al., 2015)

Cal, Chop, St.
Cal(M)
M, East (M)

Kirk(M)

Bur-Mes

Bur

Aqu-Bur

X
X
X
X
X
X
X
X

X

X

X
X

X

X
X
X
X
X
X
X
X

X

X

X
X
X
X

X
X
X

Tor=Tortonian
Mes=Messinian

X
Zan=Zanclean
Pia=Piacenzian

These correlations are especially unique for the submerged Onslow Bay shelf region
since the nearest land-based exposures of the Pungo River and Yorktown formations are present
in the Aurora Embayment at the PCS Phosphate Mine which is located ≈190km north-northeast
of the Onslow Bay study region (i.e., Onslow Embayment) and ≈70km north-northwest of the
nearest modern shoreline. The geographic separation of the land-based exposures from the
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submerged study region indicates that the Pungo River and Yorktown formations in Onslow Bay
are diachronous with those at the PCS Phosphate Mine and across the coastal plain of North
Carolina (Snyder et al., 1982). During the late Cenozoic, the Onslow and Aurora Embayments
were subjected to varying effects of maximum marine inundation that occurred across two, largescale transgressions associated with the Mid-Miocene Climatic Optimum ≈18–15Ma (≈4Myr
duration) and the Early Pliocene ≈4–2.5Ma (≈2.5Myr duration) (Riggs, 1984; Haq et al., 1988).
We infer that these inundations enabled the lamniforms and carcharhiniforms identified in this
report to move landward and inhabit areas between the Onslow and Aurora Embayments in
North Carolina as well as in other embayments along the ACP (Gibson, 1983; Riggs, 1984;
Poag, 1985).
Moreover, many of the Onslow Bay lamniform and carcharhiniform taxa also occur in
land-based shallow marine strata around the world (Table 2.2; Cappetta, 2012). Data from Table
1.2 indicate that the most common and globally widespread Miocene and Pliocene taxa in the
Onslow Bay assemblage include O. megalodon, C. carcharias, C. hastalis, I. oxyrinchus, and H.
serra. Of these species, C. carcharias and I. oxyrinchus have been well-documented to migrate
across ocean basins and are globally ubiquitous in the modern oceans (e.g., Kohler et al., 1998;
Bonfil et al., 2005; Compagno et al., 2005; Block et al., 2011; Del Raye et al., 2013; Kneebone et
al., 2014). Interestingly, the Earth’s current geographic landmass distribution has existed
essentially unchanged since the Middle Miocene (Potter and Szatmari, 2009; Herold et al.,
2011). Consequently, similar geographic, temperature, and dietary restrictions imposed by this
configuration in the modern oceans likely also existed since the Miocene (e.g., Lear et al., 2000;
Allmon, 2001; Purdy et al., 2001; Compagno et al., 2005; Potter and Szatmari, 2009; Herold et
al., 2011; Cappetta, 2012; Del Raye et al., 2013; Norris et al., 2013; Kneebone et al., 2014;
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Maisch et al., 2015). As such, the wide-ranging distribution of the Onslow Bay lamniforms and
carcharhiniforms serves to reinforce the utility of chondrichthyan teeth in regional and global
biostratigraphic and chronostratigraphic interpretations.
Table 1.2: Global occurrence of the Onslow Bay taxa: References Utilized: Western North America
(Boessenecker, 2011; 2016; Boessenecker et al., 2014); Central and South America (Applegate, 1986; Ehret et
al., 2012; Pimiento et al., 2013a,b; Carrillo-Briceño et al., 2016a,b); Caribbean (Iturralde-Vinent et al., 1996;
Flemming and McFarlane, 1998; Portell et al., 2008); Africa (Cook et al., 2010; Ávila et al., 2012; Govender and
Chinsamy, 2013; Andrianavalona et al., 2015; Betancort et al., 2016); Europe (Kocsis, 2007; Marsili, 2007;
Marsili et al., 2007; Carnevale et al., 2006; Reinecke et al., 2011; Bor et al., 2012; Cappetta, 2012; Reinecke and
Radwański, 2015; Szabó and Kocsis, 2016); Asia (Itoigawa and Nishimoto, 1974; Shimada, 1987;); Australia
(Pledge, 1967; Kemp, 1991). Note: Alopias grandis was excluded from this table due to the lack of global
reports that include this taxon.

Global Occurrence of the Onslow Bay Shark Taxa
Subcontinent/
WNA, CA,
Caribbean Africa Europe Asia Australia
Continent
and SA
Lamniforms
Otodus chubutensis
X
X
X
X
X
X
Otodus megalodon
X
X
X
X
X
X
Carcharodon carcharias
X
X
X
X
X
X
Carcharodon hastalis
X
X
X
X
X
X
Isurus oxyrinchus
X
X
X
X
X
X
Carcharias taurus
X
X
X
X
X
X
Parotodus benedinii
X
X
X
X
X
Carcharhiniforms
Hemipristis serra
X
X
X
X
X
X
Galeocerdo cuvier
X
X
X
X
Galeocerdo aduncus
X
X
X
X
X
Physogaleus contortus
X
X
X
X
X
Carcharhinus priscus
X
X
X
X
Carcharhinus falciformis
X
X
X
Negaprion brevirostris
X
X
Rhizoprionodon sp.
X
X
X

In addition to the shallow Onslow Bay shelf localities described in this report, deep
marine deposits containing Cenozoic chondrichthyan teeth have been identified in various global
locations (Turner, 1880; Belyaev and Glikman, 1970; Mullins and Neumann, 1979; Seret, 1987;
Antunes et al., 2015). These deposits contain some of the same chondrichthyan taxa that occur in
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Onslow Bay and other localities identified in Tables 1.1 and 1.2. As demonstrated by the Onslow
Bay assemblage, consisting of an abundance of large lamniform and carcharhiniform teeth,
geologic age and stratigraphic interpretations are still possible despite the absence of smaller
chondrichthyan teeth. Based on the global occurrence of many of the lamniforms and
carcharhiniforms discussed in this report, future opportunity exists to extend these
biostratigraphic correlative properties between land-based, shallow, and deep marine shelf
exposures.
Conclusions
The discovery of submerged fossiliferous hardbottom exposures in Onslow Bay, North
Carolina, containing an abundance of lamniform and carcharhiniform teeth, and in particular
large teeth belonging to O. megalodon, provide a unique means to correlate land-based
exposures with those locally exposed in progressively deeper water on the North Carolina
continental shelf. Unlike the land-based exposures at the PCS Phosphate Mine, those submerged
in Onslow Bay have been continuously subjected to transgressive–regressive glacioeustactic sea
level cyclicity events over the course of approximately the last 18 million years and up to the
present day (Riggs et al., 2011). These dynamic sea level events not only shaped the coastal plain
and continental shelf of North Carolina, but also eroded and concentrated Miocene and Pliocene
shark teeth in localized areas in southwestern Onslow Bay. The submerged Onslow Bay shelf
localities and concentrations of Miocene and Pliocene lamniform and carcharhiniform teeth
described in this report are unique in that they are still being subjected to the erosive effects of
modern ocean dynamics including bottom currents and large coastal storm events. The capability
of larger Miocene and Pliocene lamniform and carcharhiniform teeth, such as those documented
in this report, to withstand the effects of taphonomic reworking and hydrodynamic sorting
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reinforces the ability of fossil shark teeth to serve in correlative studies between land-based
exposures in North Carolina, the ACP, and other localities around the world. In summation:
1: This report documents a previously unreported assemblage of Miocene and Pliocene
lamniforms and carcharhiniforms from the continental shelf of southwestern Onslow Bay,
North Carolina.
2: Prior core and dredge data and seismic stratigraphic studies indicate the submerged shelf of
southwestern Onslow Bay exposes the Miocene Pungo River and Pliocene Yorktown
formations.
3: Comparison of lamniform and carcharhiniform teeth and submerged Onslow Bay outcrops
with those from land-based exposures at the PCS Phosphate Mine reinforces the occurrence of
sediments of the Miocene Pungo River and Pliocene Yorktown formations in Onslow Bay.
4: In Onslow Bay, O. chubutensis, P. contortus, and G. aduncus only occur in the Miocene
Pungo River Formation, whereas C. carcharias, P. benedinii, A. grandis, G. cuvier, large O.
megalodon, and large C. hastalis teeth occur in the Pliocene Yorktown Formation.
5: The Onslow Bay lamniforms and carcharhiniforms are also known from contemporaneous
regional and global, land-based Miocene and Pliocene formation exposures and indicates
these sharks were capable of transoceanic migrations.
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CHAPTER 2 — BATHYMETRIC CONTROLS ON TAPHONOMIC REWORKING
AND BIOEROSION OF FOSSIL TEETH FROM MEGATOOTHED SHARKS: A
COMPARATIVE STUDY FROM THE MIOCENE PUNGO RIVER AND PLIOCENE
YORKTOWN FORMATIONS, ONSLOW BAY, NORTH CAROLINA

Abstract
Lag deposits containing teeth from megatoothed sharks occur on the submerged
continental shelf of Onslow Bay, North Carolina and are preserved adjacent to hardbottom
outcrop exposures of the Miocene Pungo River (≈25m deep) and Pliocene Yorktown formations
(≈25–35m deep). Different assemblages of biostratigraphically significant megatoothed shark
teeth with distinctly different degrees of taphonomic wear and bioerosion occur with increasing
water depth and distance from the present-day shoreline. Bathymetrically controlled taphonomic
differences in tooth fragmentation, abrasion, color, and bioerosion occur between the Onslow
Bay lag deposits and are the product of a shifting ancestral shoreline and post-Pliocene
glacioeustactic sea level cyclicity. Radiocarbon dating of encrusting carbonates indicates that
these lags are still actively forming on the modern sea floor by storm and current activity. As a
result, the Onslow Bay shark tooth lags provide a unique opportunity to observe the
concentration of fossil shark teeth by modern sea level processes and provide further insights by
which similar land-based lag deposits can be interpreted in the stratigraphic record.
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Introduction
Over the last several decades, the submerged continental shelf of North Carolina has been
extensively studied in an effort to delineate offshore phosphorite deposits, conduct storm impact
surveys, and assess the ecological diversity of hardbottoms (Blackwelder et al. 1982; Snyder et
al. 1982, 1990; Powers et al. 1990; Snyder et al. 1993; Cleary et al. 1996; Renaud et al. 1997;
Riggs et al. 1985, 1996, 2011; Wren and Leonard 2005). Utilizing bore hole data, seismic, and
SCUBA diving surveys, these studies have also identified sediments of the Miocene Pungo River
and Pliocene Yorktown formations and reconstructed the subsurface geology of Onslow Bay.
These formations are well known from up-dip, land-based exposures where assemblages of
marine fossils, including megatoothed shark teeth, have been the focus of numerous
paleontological studies (e.g., Boreske et al. 1972; Gibson 1983; Purdy et al. 2001; Ward 2007;
Kazár and Bohaska 2008; Velez-Juarbe et al. 2016). However, the only historic reports of shark
teeth from these formations down-dip on the submerged shelf of Onslow Bay appeared in core
and dredge sample logs (Pilkey and Luternauer 1967; Roberts and Pierce 1967; Milliman et al.
1968).
This study features three distinct assemblages of biostratigraphically significant
megatoothed shark teeth recovered from shallower, intermediate, and deeper shelf localities in
Onslow Bay, North Carolina. These assemblages of megatoothed shark teeth represent postPliocene lag deposits that are still in the process of forming from glacioeustactic sea level
cyclicity, storm events, and bottom currents. As a result of these processes, lag deposit shark
teeth exhibit variable degrees of taphonomic wear and bioerosion. Variation in these features
across Onslow Bay provide a unique, modern perspective on the formation, timing, and
bathymetric controls of shark tooth lag deposits. While these taphonomic features have been
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well-documented in land-based stratigraphic sections across the Phanerozoic, this study
documents, lag deposits rich in megatoothed shark teeth that are currently forming on a
submerged portion of the continental shelf of North Carolina.
Geology of the Submerged Shelf Localities Discussed in this Study
In Onslow Bay, seismic stratigraphy, bore hole, and outcrop data collected over the last
several decades have identified clay and sandy limestone outcrops occurring along a northwestsoutheast trend that represent the Miocene Pungo River or Pliocene Yorktown formations (e.g.,
Figs. 2.1–2.3; Cleary and Pilkey 1968; Meisberger 1979; Lewis et al. 1982; Blackwelder et al.
1982; Riggs 1984; Powers et al. 1990; Snyder et al. 1982; 1990, 1993; Crowson et al. 1994;
Schmid 1996; Reynaud et al. 1997; Riggs et al. 1996, 1998). These surveys also indicate that: (1)
the Yorktown Formation was originally deposited in water depths ranging to ≈25m and has been
subsequently eroded away by sea level cyclicity exposing Pungo River sediments; (2) the
Yorktown Formation is exposed on the sea floor in water depths >25m; and (3) the Pungo River
Formation is ≈20m below the sea floor in water depths >25m (Figs. 2.1–2.3; Roberts and Pierce
1967; Blackwelder et al. 1982).
Over the last six years, more than 50 SCUBA dives undertaken for this study in water
depths ranging between ≈25–35m in the Cape Fear Region of Onslow Bay confirm the Pungo
River and Yorktown formation assignments of the aforementioned researchers. Additional
observations during these dives indicate that the Pungo River Formation in depths of ≈25m
consists of brown-gray clay underneath gray-tan sandy limestone and in depths >30m, the
Yorktown Formation consists of gray-blue clay underneath gray-tan sandy limestone. The
limestone units exposed in these water depths occur as hardbottom scarps (≤3m) with adjacent,
localized, unconsolidated lag deposits (<1000m2) of rounded-subangular and poorly sorted
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Figure 2.1: Onslow Bay Study Area. A) Inset map of the Atlantic Coastal Plain of the United States showing
the Onslow Bay study region (star) and maximum extent of marine inundation during the Middle Miocene
≈18ma (red line) and sea level lowstand during the Last Glacial Maximum ≈18ka (black line). B) Map of the
Cape Fear Region of southwestern Onslow Bay showing bathymetric contours and the seismic stratigraphic
sediment divisions beneath Onslow Bay modified from Snyder et al. (1982) and Snyder et al. (1988; 1993).
Letters a, b, and c show the locations of the shallower (a), intermediate (b), and deeper (c) fossiliferous shelf
localities discussed in this study. After Figure 1 of Maisch et al. (2018) and Figure 1.1 in this dissertation.

cobble, pebble, and sand sized clasts derived from both terrestrial sources and the hardbottom
scarps (Figs. 2.3–2.5). Terrestrial cobbles and pebbles become progressively less abundant with
increasing water depth however, cobble to boulder-sized, sandy-limestone/limestone clasts
deriving from the hardbottom scarps occur at each of the submerged shelf localities (Fig. 2.5;
Table 2.1). These locally-sourced, hardbottom clasts are extensively bioeroded by endolithic
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bivalves including Lithophaga and Jouanettia species (Fig. 2.5). Additionally, these lag deposits
also contain localized accumulations of megatoothed shark teeth that are featured in this study.

Figure 2.2: Generalized stratigraphic column for the PCS Mine (modified from Ward, 2007), and shallower,
intermediate and deeper Onslow Bay study localities described in this report in relation to the Miocene–
Holocene glacioeustactic sea level curve of Riggs et al. (1985). Formation abbreviations: FB=Flanner Beach;
JC=James City; CT=Croatan; YT=Yorktown; EO=Eastover Formation; PR= Pungo River. Note the absence of
the Eastover Formation at the PCS Mine and extensive amount of erosion in Onslow Bay. After Figure 2 of
Maisch et al. (2018) and Figure 1.2 in this dissertation.
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Figure 2.3: Underwater images of A) a submerged hardbottom limestone scarp and B) concentration of small
boulders, cobbles, and sand immediately adjacent to the scarp, as indicated by arrows, and seen within the
shallower, intermediate, and deeper shelf localities of Onslow Bay. Scale bars for foreground only: A=2m and
B=1m.
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Figure 2.4: A) Generalized stratigraphic section of the Miocene Pungo River Formation and the overlying
Miocene limestone scarp as exposed at the shallower shelf locality; arrows point to the fossil and cobblerich lag and the extensively bored contact between the lag and underlying marl. B) Underwater image of the
shallower shelf lag with large, well-rounded cobbles. C) Generalized stratigraphic section of the Yorktown
Formation and the overlying Pliocene limestone scarp as exposed at both the intermediate and deeper shelf
localities; arrows point to the fossil and sand-rich lag and the moderately bored contact between the lag and
underlying clay. D) Representative underwater image of the bored contact between the clay and overlying lag
in the intermediate shelf locality; arrows indicate two distinct boring morphologies. E) Underwater image of
an O. megalodon tooth and marine mammal bones as exposed on the seafloor as indicated by arrows.
Underwater images of O. megalodon teeth that were F) surface collected and extensively encrusted and G)
deeply buried and recently uncovered. Scale bars: B, D, G=5cm; E–F=10cm. Image in F) courtesy of Capt. Z.
DeWitt. Figures 4A; C–D; F from Maisch et al. (2018) and Figure 1.3 of this dissertation.
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Table 2.1: Geological and taphonomic summary of the submerged shelf localities, Onslow Bay, North
Carolina. Locality specific outcrop descriptions are included in addition to comparative taphonomic
characteristics of shark teeth from each locality. For the shallower shelf locality, PR=Pungo River Formation
(Miocene) and YT=Yorktown Formation (Pliocene). Additional lamniform and carcharhiniform taxa reported
from Onslow Bay can be found in Maisch et al. (2018).

Geological and Taphonomic Summary of the Three Submerged Shelf Localities, Onslow Bay,
North Carolina
Shallower Shelf Locality

Intermediate Shelf Locality

Deeper Shelf Locality

Formation Exposed

Pungo River (Miocene)

Yorktown (Pliocene)

Yorktown (Pliocene)

Distance from Shore

≈ 30km

≈ 40km

≈ 60km

Water Depth

≈ 25m

≈ 30m

≈ 35m

Ledge Relief

≤ 2m

≤ 2.5m

≤ 4m

Sediment Adjacent to
Ledge

Coarse cobbles and gravel
grading to sand

Pebbles and sand; cobbles
uncommon

Small pebbles and sand

Megatoothed Taxa
Discussed in this
Study

Otodus chubutensis
Otodus megalodon
Carcharodon carcharias
Carcharodon hastalis

Otodus megalodon
Carcharodon carcharias
Carcharodon hastalis

Otodus megalodon
Carcharodon carcharias
Carcharodon hastalis

Tooth Fragmentation

PR=Rare
YT=Most

Many

Rare

Highly Polished Teeth

PR=Rare
YT=Most

Many

Rare

Sharp Tooth Cutting
Edges

PR=Most
YT=Rare

Many

Most

Presence of
Bioerosion

PR=Rare
YT=Most

Many

Rare
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Figure 2.5: Quartz cobble (A) and sandstone gravel (B) clasts recovered from the shallower shelf locality.
Extensively bioeroded limestone scarp fragment (C) recovered from the intermediate shelf locality.
Endolithic bivalves Lithophaga sp. (D) and Jouanettia sp. (E) recovered from the shallower and intermediate
shelf localities. Scale bars in A–B, D=2cm; C=5cm; E=1cm.

Methods
Collecting Methods and Laboratory Procedures
For this study, megatoothed shark teeth were recovered from the seafloor by surface
collecting and bulk sampling lag deposits while SCUBA diving the three submerged shelf
localities in Onslow Bay (≈25m-shallower, ≈30m-intermediate, ≈35m-deeper). See Maisch et al.
(2018) for additional details on collecting methods. Many megatoothed shark teeth recovered for
this work display varying degrees of taphonomic wear and bioerosion and were encrusted with
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corals, bryozoans, sponges, and algae that required cleaning with dilute acetic acid and dental
picks. Smaller specimens were imaged using an Olympus SZ61 Binocular Microscope attached
to an Infinity–2 digital Camera and larger specimens with a Canon EOS Rebel T5 digital camera.
Representative megatoothed shark teeth from the shallower, intermediate, and deeper shelf
localities were selected from an assemblage of approximately 2000 specimens and identified
based on regional and global literature and specifically Purdy et al. (2001) and Cappetta (2012).
Taphonomically distinct fossil specimens figured in this manuscript have been reposited in the
collections of The Academy of Natural Sciences (ANSP) of Drexel University under the
catalogue numbers ANSP 24110–ANSP 24165.
Taphonomic Indices
In order to study the taphonomy of submerged lag deposits in Onslow Bay, descriptive
indices outlined in Boessenecker et al. (2014), that include: (1) Percentage of Fragmentation; (2)
Abrasion/Polish; (3) Color/Phosphatization; and (4) Bioerosion were applied to the Onslow Bay
specimens. Boessenecker et al.’s land-based study deals with Miocene and Pliocene lag deposits
that contain shark teeth, including those belonging to megatoothed sharks, and formed as a result
of bathymetric controls similar to those in Onslow Bay. Taphonomic analyses specifically focus
on assemblages of Otodus megalodon Agassiz 1835 and Otodus chubutensis Ameghino, 1906
teeth since they: (1) derive from well-known, globally occurring fossil shark taxa; (2) are
abundant across Onslow Bay; and (3) are readily identifiable even when extensively eroded.
Tooth samples from these two taxa included 300 randomly selected O. megalodon teeth (i.e., 100
teeth from each of the three submerged shelf localities) and 100 randomly selected O.
chubutensis teeth (found only at the shallower shelf locality). Detailed discussion on the
phylogeny of O. megalodon and O. chubutensis is available in: Purdy et al. (2001); Cappetta
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(2012); Ehret et al. (2012); and Shimada et al. (2016). Taphonomic observations are also
summarized in Table 2.1.
1. Fragmentation Index.— This index expresses the overall condition of each tooth
examined during this analysis. We define four Fragmentation Index categories that are as
follows: Category 3= teeth that are 1/4 or less intact and have lost approximately 75% of their
original structure; Category 2= teeth that are 1/2 intact and have lost approximately 50% of their
original structure; Category 1= teeth that are 3/4 intact and have lost approximately 25% of their
original structure; and Category 0= whole, intact teeth. Teeth that are 75% fragmentary
(Category 3) consist of tooth root or crown fragments, teeth that are 50% fragmentary (Category
2) are frequently split in half, and teeth that are 25% fragmentary (Category 1) are frequently
missing a root lobe.
2. Abrasion/Polish Index.— This index expresses the overall extent of rounding and
polishing (i.e., shiny, reflective, and smooth surfaces) present on each tooth examined during this
analysis. We define three Abrasion/Polish Categories that are as follows: Category 2= teeth that
are extensively abraded and have lost most, if not all, serrations and exhibit extensive
smooth/rounded root and tooth surfaces; Category 1= teeth that are moderately abraded and
preserve faint serrations and exhibit moderate rounding of root and tooth surfaces; and Category
0= teeth that are unabraded and preserve most, if not all serrations, and exhibit little to no
evidence of root and tooth rounding. This abrasion/polish index scale has been modified from
earlier work by Behrensmeyer (1978) and Fiorillo (1988), on bone weathering and abrasion
states of terrestrial mammal remains, and from Irmis and Elliot (2006) who discussed the
taphonomy of Pennsylvanian and modern shark teeth.
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3. Color/Phosphatization Index.— This index expresses the overall coloration of each
tooth examined during this analysis. We define two Color/Phosphatization Categories that are as
follows: Category 1 (light color/phosphatization)= teeth that exhibit orange-brown enamel and
dentine and Category 2 (dark color/phosphatization)= teeth that exhibit gray-black enamel and
dentine. In this analysis, we combined color and phosphatization into a single index to reflect
prior studies, including those by Becker and Chamberlain (2012) and Boessenecker et al. (2014)
that indicate darker colored fossil remains, including shark teeth, have undergone variable
degrees of reworking and diagenetic alteration at or below the sediment-water interface. As a
consequence of these events, secondary phosphate precipitation (i.e., phosphogenesis) can
permineralize and alter the coloration of fossils such that lighter-colored, phosphatized remains
become darker-colored and more highly phosphatized (Tapanila et al. 2008; Boessenecker et al.
2014).
4. Bioerosion Index.— This index expresses the overall extent of bioerosion present on
each tooth examined during this analysis. We define two Bioerosion Index Categories that are as
follows: Category 1=Yes= the presence of circular, ovular, cylindrical cavities ranging from ≥1–
50mm in size formed by endolithic bivalves (Fig. 2.5) that can easily be seen without
magnification and Category 2=No=no evidence of bioerosion is evident without magnification.
While compiling data for these four taphonomic indices, care was also taken to
distinguish taphonomic wear from feeding related tooth damage and other tooth deformities to
provide an accurate taphonomic assessment of teeth from each of the three submerged shelf
localities. As indicted by numerous researchers, feeding-related tooth damage is observed as
sharp, angular, and irregular breaks on tooth cusps and cutting edges that are the products of
directed, forceful impacts (e.g., tooth striking bone; Becker et al. 2000; Becker and Chamberlain
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2012; Cappetta 2012). This type of damage is clearly evident on modern shark teeth in addition
to well-preserved fossil teeth. However, the distinction between feeding related tooth damage
and taphonomic wear becomes more difficult to assess when teeth exhibit moderate to extensive
degrees of wear. This trend is apparent in Onslow Bay, where O. megalodon teeth at the
shallower shelf locality are reworked into lag deposits with other large, durable clasts that are
capable of damaging the teeth. In order to exclude teeth that contain possible feeding-related
damage, those selected during the collection of taphonomic index data that displayed angular,
rather than rounded/polished breakage were not utilized in these analyses.
Radiocarbon Age Dating
To further analyze the submerged Onslow Bay lag deposits, this study utilizes
radiocarbon (14C) analyses of coral encrusted O. megalodon teeth as a means to time the duration
of recent exposure on the modern seafloor. Also included in these 14C age dating analyses are a
mastodon tooth fragment from the shallower shelf locality and the shells of endolithic bivalves
occurring in the ≈25m-shallower, ≈30m-intermediate, and ≈35m-deeper shelf localities (Table
2.2). Endolithic bivalve shells were collected from within borings in O. megalodon teeth and
clay exposures, in addition to lag concentrations. All 14C analyses were conducted at the Keck
Carbon Cycle Accelerator Mass Spectrometry (AMS) Facility in the Earth System Science
Department at the University of California, Irvine. Samples were leached 50% with dilute
hydrochloric acid prior to hydrolysis with 85% phosphoric acid. All results were corrected for
isotopic fractionation according to Stuiver and Polach (1977), with δ13C values measured on
prepared graphite. Samples identified as modern (i.e., post-1950) contain excess 14C, attributed
to mid-20th century atmospheric thermonuclear weapons tests.
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Table 2.2: Results of radiocarbon analyses for corals, endolithic bivalves, and a mastodon tooth fragment
recovered from the shallower, intermediate, and deeper shelf localities in Onslow Bay.

Results of Radiocarbon Analyses from the Three
Submerged Shelf Localities in Onslow Bay
#
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Sample Description
Age
Shallower Shelf Locality
Coral growing on O. megalodon tooth
Modern
Coral growing on O. megalodon tooth
1635 AD
Lithophaga sp. shell fragment
Modern
Lithophaga sp. shell from O. megalodon tooth Modern
Mastodon Tooth Fragment
31870 BP
Intermediate Shelf Locality
Coral growing on O. megalodon tooth
Modern
Coral growing on O. megalodon tooth
Modern
Coral growing on O. megalodon tooth
Modern
Lithophaga sp. shell fragment from lag
1895 AD
Jouanettia sp. shell from clay under lag
Modern
Deeper Shelf Locality
Coral growing on O. megalodon tooth
Modern
Coral growing on O. megalodon tooth
Modern
Coral growing on O. megalodon tooth
Modern
Coral growing on O. megalodon tooth
Modern
Jouanettia sp. shell from clay under lag
Modern

±

15

210

15

Results
Radiocarbon Age Dating and Implications for the Timing of Lag Deposit Formation Across
the Submerged Onslow Bay Shelf
In addition to variable degrees of taphonomic wear and bioerosion, the megatoothed
shark teeth recovered from the submerged lag deposits in Onslow Bay contain an array of
carbonaceous encrusting growth that includes: corals, sponges, coralline algae, bryozoans,
barnacles, sea fans, and algae (Figs. 2.4F; 2.6). Many encrusted teeth were recovered directly
from the modern seafloor however others were buried at depths of ≥50cm. In an effort to
determine the time at which fossil shark teeth were exposed on the seafloor and incorporated into
lag deposits, 14C age dates were obtained for 15 samples consisting of: nine corals growing on O.
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megalodon teeth, five endolithic bivalves recovered in situ within shark teeth, clays underlying
the submerged lags, and within lag concentrations, and one mastodon tooth fragment.

Figure 2.6: Various forms of encrustation occurring on shark teeth and marine mammal remains from
Onslow Bay. Otodus megalodon teeth with finger sponge (A); coralline algae (A, C, E, G); coral (E–F); algae
(G); barnacles (B); bryozoans (A–B); and sea fan (B). Otodus chubutensis (D) tooth with coralline algae.
Marine mammal bones with coral (H) and coralline algae (H–J). Scale bars: A, C, E–F=4cm; B, D, G–J=2cm.
Note: Other forms of encrustation were removed from the Otodus megalodon tooth in F. Specimens A; E–F
are in the private collection of S. Jenkins and B is in the private collection of B. Major.
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The results of these analyses can be seen in Table 2.1 however, only three of the 15 samples
yielded ages of post-1950. These samples include: a coral removed from an O. megalodon tooth
from the shallower shelf locality that yielded an age of 1635 ± 15 years before present (bfp), a
Lithophaga sp. bivalve shell fragment from the lag deposit at the intermediate shelf locality that
yielded an age of 1895 ± 15 years bfp, and a mastodon tooth fragment from the shallower shelf
locality that yielded an age of 31,870 ±210 years old.
However, aside from the age of the mastodon tooth fragment, the 14C ages indicate that
the majority of the carbonaceous growth and endolithic bivalves occurring at each of the three
submerged shelf localities in Onslow Bay is modern and formed on fossils that were recently
exposed on the seafloor. Although geologically older episodes of carbonate encrustation and
bioerosion are extremely likely to have occurred at the shallower and intermediate shelf localities
of Onslow Bay, as reinforced by the taphonomic assessments of O. megalodon teeth, the remains
of these corals and endolithic bivalves were not represented in the 14C analyses. We attribute the
lack of older 14C dates for carbonate growth and endolithic bivalves to be the result of physical
and chemical erosion that occurred during episodic reworking events. It is also noteworthy that
encrusting growth, such as that present on many of the Onslow Bay megatoothed shark teeth,
infrequently occurs on shark teeth in land-based lags. The absence of carbonaceous growth on
shark teeth in land-based lag deposits may be the result of the final depositional environment,
length of exposure time on the seafloor, or groundwater percolation and dissolution of
carbonates.
The 14C analyses from each of the three submerged Onslow Bay shelf localities reinforce
the fact that these lag deposits are still in the process of formation. At the shallower shelf
locality, carbonate encrustation of O. megalodon teeth has occurred for ≈350 years in response to
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modern reworking on the seafloor (Table 2.2). In contrast, O. megalodon teeth recovered from
the intermediate and deeper shelf localities contain reduced amounts of carbonate encrustation
yielding progressively younger age dates of ≈120 years and <100 years, respectively (Table 2.2).
The reduction in 14C age dates across the shallower, intermediate, and deeper submerged shelf
localities also follows the trend in progressively less time-averaging, taphonomic wear, and
bioerosion of O. megalodon teeth with increasing bathymetry and distance from the modern-day
shoreline (Figs. 2.7–2.13).
Taphonomy of Shark Teeth from Submerged Lag Deposits, Onslow Bay, North Carolina
Shallower Shelf Locality.— At the shallower shelf locality, where the Miocene Pungo
River Formation is presently exposed, both O. megalodon and O. chubutensis teeth were
recovered. The majority of O. megalodon teeth at this locality are incomplete, highly abraded,
dark in color, and bioeroded. Analysis of O. megalodon teeth indicates that, 79% are
fragmentary, 68% exhibit high degrees of abrasion/polish, 87% exhibit dark
coloration/phosphatization, and 80% contain visible evidence of bioerosion (Figs. 2.7; 2.10–
2.13). These percentages were obtained by tallying taphonomic index categories expressed in
Figures 2.10–2.13 for O. megalodon teeth from only the shallower shelf locality.
In contrast, the majority of O. chubutensis teeth at this locality are complete, unabraded,
light in color, and not bioeroded. Analysis of O. chubutensis teeth indicates that, 38% are
fragmentary; 3% exhibit high degrees of abrasion/polish; 2% exhibit dark
coloration/phosphatization; and 10% contain visible evidence of bioerosion (Fig. 2.14). These
percentages were obtained by tallying taphonomic index categories expressed in Figures 2.14 for
O. chubutensis teeth from the shallower shelf locality.
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Figure 2. 7: Pliocene megatoothed shark teeth, marine mammal bones and tooth, and Pleistocene terrestrial
mammal teeth from the shallower shelf locality including: Otodus megalodon (A–B: ANSP 24112);
Carcharodon carcharias (C–D: ANSP 24011); and Carcharodon hastalis (E–F: ANSP 24012); Cetacea indet. rib
fragments (G–H: ANSP 24154–24155); Physeteridae gen et sp. indet. tooth (I: ANSP 24152); Cetacea indet.
tympanic bulla (J: ANSP 24153); Mammut americanum (K) and Mammuthus primigenius (L) teeth. Note
cylindrical Gastrochaenolites borings in A–B; G–H. Scale bars in A–B; K–L=4cm; C–J=2cm. Orientations: A,
C, E=lingual; B, D, F=labial; G–L=lateral view. Specimens K and L are from the private collection of S.
Jenkins. Specimens G, K–L previously figured in Maisch et al. (2018) and Figure 1.6 of this dissertation.
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The lag at the shallower shelf locality also contains marine mammal remains from the
Pungo River and Yorktown formations, Pleistocene terrestrial mammal teeth, and large,
terrestrial cobbles (Figs. 2.5; 2.7; Table 2.1). Radiocarbon analyses of corals encrusting two O.
megalodon teeth yielded ages of post-1950, while another coral encrusting an O. megalodon
tooth yielded an age of 1635 ± 15 years before present (bfp). Additionally, a small Lithophaga
sp. bivalve removed from within an O. megalodon tooth yielded an age of post-1950, while a
mastodon tooth fragment yielded an age of 31,870 ±210 years old (Table 2.2).
Intermediate Shelf Locality.— At the intermediate shelf locality, where only the
Yorktown Formation is presently exposed, O. megalodon teeth were recovered. Close to half of
the O. megalodon teeth at this locality are incomplete, highly abraded, dark in color, and
bioeroded. Analysis of O. megalodon teeth indicates that, 55% are fragmentary, 62% exhibit
high degrees of abrasion/polish, 53% exhibit dark coloration/phosphatization, and 70% contain
visible evidence of bioerosion (Figs. 2.8; 2.10–2.13). These percentages were obtained by
tallying taphonomic index categories expressed in Figures 2.10–2.13 for O. megalodon teeth
from only the intermediate shelf locality.
The lag at the intermediate shelf locality also contains marine mammal remains from the
Yorktown Formation and small, terrestrial cobbles (Figs. 2.5; 2.8; Table 2.1). Radiocarbon
analyses of corals encrusting three O. megalodon teeth yielded ages of post-1950. Additionally, a
large Lithophaga sp. bivalve recovered from the lag yielded an age of 1895 ± 15 years bfp while
a Jouanettia sp. bivalve removed from Yorktown Formation clay underneath the lag yielded an
age of post-1950 (Table 2.2).
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Figure 2.8: Megatoothed shark teeth and marine mammal bone from the Pliocene Yorktown Formation at the
intermediate shelf locality including: Otodus megalodon (A–B: ANSP 24116); Carcharodon carcharias (C–D:
ANSP 24131); Carcharodon hastalis (E–F: ANSP 24165); Cetacea indet. rib fragment (G: ANSP 24158). Scale
bars in A–B=5cm; C–F=2 cm; G=10cm.

Deeper Shelf Locality.— At the deeper shelf locality, where only the Yorktown
Formation is presently exposed, O. megalodon teeth were recovered. Close to half of the O.
megalodon teeth at this locality are complete however the majority are unabraded, light in color,
and not bioeroded. Analysis of O. megalodon teeth indicates that, 51% are fragmentary, 3%
exhibit high degrees of abrasion/polish, 32% exhibit dark phosphatization/coloration, and 12%
contain visible evidence of bioerosion (Figs. 2.9–2.13). These percentages were obtained by
tallying taphonomic index categories expressed in Figures 2.10–2.13 for O. megalodon teeth
from only the deeper shelf locality.
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Figure 2.9: Megatoothed shark teeth and marine mammal bone from the Pliocene Yorktown Formation at the
deeper shelf locality including: Otodus megalodon (A–B: ANSP 24110); Carcharodon carcharias (C–D: ANSP
24129); Carcharodon hastalis (E–F: ANSP 24132); Cetacea indet. rib fragment (G: ANSP 24159). Scale bars in
A–B=5cm; C–F=2 cm; G=10cm. Specimens A–F previously figured in Maisch et al. (2018) and in Figure 1.4 of
this dissertation.

The lag at the deeper shelf locality also contains marine mammal remains from the
Yorktown Formation (Fig. 2.9; Table 2.1). Radiocarbon analyses of corals encrusting four O.
megalodon teeth and a Jouanettia sp. bivalve removed from Yorktown Formation clay
underneath the lag all yielded ages of post-1950 (Table 2.2).
Glacioeustactic Sea Level Cyclicity and Lag Deposit Formation across the Submerged Onslow
Bay Shelf
During the Mid-Miocene Climate Optimum (MMCO; ≈18Ma), the ancestral NC
shoreline was approximately 50km west of the modern shoreline and at times inland areas were
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submerged under more than 50m of seawater (Purdy et al. 2001; Riggs et al. 2011). Following
the MMCO, the development of continental ice sheets in the northern and southern hemispheres
lead to overall climatic cooling and lower sea levels (Haq et al. 1988; Zachos et al. 2001; Miller
et al. 2011; 2014). In response to these events over the last ≈18Myrs, more than 20
glacioeustactic, transgressive-regressive sea level cycles have been identified in North Carolina,
along the Atlantic Coastal Plain of the USA, and elsewhere globally (e.g., Haq et al. 1988;
Zachos et al. 2001; Browning et al. 2006; 2008; Boulila et al. 2011; Miller et al. 2011; Riggs et
al. 2011). The largest of these sea level fluctuations is 3rd order cycle TB3.10 which corresponds
to the Pleistocene last glacial maximum (LGM; ≈18Ka) and Marine Isotope Stage 2 (Lambeck
and Chappelle 2001; Lambeck et al. 2002; Miller et al. 2011; Riggs et al. 2011; Yokoyama and
Esat 2011). In particular, regression associated with the LGM subjected the Onslow Bay study
area to: (1) sea level that was approximately 125m lower; (2) an ancestral ocean shoreline up to
100km east of that today; and (3) large, multi-channel braided rivers that flowed nearly due east
across the sub-aerially exposed continental shelf (e.g., Fig. 2.1:1; Riggs and Freas 1967; Hoyt
and Henry 1971; MacIntyre et al. 1978; Soller 1988; Colquhoun 1995; Leigh 2008; Riggs et al.
2011; Harris et al. 2013).
In the Onslow Bay study area, the ancestral Cape Fear River incised paleochannels into
Cenozoic sediments and transported terrestrial cobbles and gravels seaward (Matteucci and Hine
1987; Riggs et al. 1992; Thieler et al. 2001; Horton et al. 2009). The development of Pleistocene
river systems on the sub-aerially exposed continental shelf also influenced terrestrial megafauna,
including mammoths and mastodons, to expand their habitat ranges eastward. Although
Pleistocene terrestrial mammal remains have only been recovered from the shallower shelf
locality and consist of isolated teeth, similar occurrences of Pleistocene terrestrial mammal

88

remains are known from Gray’s Reef, ≈400km southwest of the Onslow Bay study area, and
≈32km east of Sapelo Island on the continental shelf of Georgia (Garrison et al. 2016). Gray’s
Reef is interpreted to have been at or near the ancestral shoreline ≈38Ka due to sea level
regression prior to the LGM and reinforces sub-aerial exposure of the continental shelf along the
southern Atlantic Coastal Plain of the United States during the late Pleistocene (Harding and
Henry 1994; Garrison et al. 2008; 2012; 2016).
We interpret the localized concentrations of megatoothed shark teeth deriving from the
Pungo River and Yorktown formations occurring across Onslow Bay to represent lag deposits
that are still in the process of forming on the modern seafloor through a complex series of
glacioeustactically driven sea level events. This interpretation is reinforced by 14C age dating and
the taphonomic wear observed on teeth from each of the three submerged shelf localities.
Initial lag deposits in Onslow Bay likely formed in response to 3rd order Miocene and
Pliocene sea level cycles as identified at the PCS Mine and elsewhere along the ACP (i.e.,
TB2.1-2.6 and TB3.1-3.10=Haq et al. 1988; TM1.1-1.4, TM2.1-2.3, TM3.1-3.3, and TP1-3=Vail
and Mitchum 1979; Riggs et al. 1982; 1985). Lag deposits associated with these sea level cycles
in land-based exposures of the Pungo River and Yorktown formations are similar to those in
Onslow Bay, however they are: (1) exposed well below the surface and have only been revealed
by quarry operations and river erosion, (2) are the result of Miocene and Pliocene sea level
cycles, and (3) have yet to be affected by late Pleistocene and Holocene sea level rise (Riggs et
al. 1982; Purdy et al. 2001; Ward 2007). In contrast to land-based exposures, Onslow Bay was
also subjected to late Pleistocene sea level cyclicity which shifted the ancestral shoreline seaward
and landward and exposed portions of the continental shelf to fluvial erosion (Riggs et al. 1992).
Subsequent Holocene transgression across the Onslow Bay shelf shifted the ancestral shoreline
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landward to its present-day location, backfilled paleochannels, and influenced the accumulation
of clasts, including megatoothed shark teeth, adjacent to hardbottom scarps at the shallower,
intermediate, and deeper shelf localities. As a result of these processes, the three submerged shelf
localities have been subjected to varying: (1) bathymetry, (2) distances from ancestral shorelines,
(3) amounts of sub-aerial exposure, and (4) degrees of shallow marine/shoreface and fluvial
erosion.
Bathymetric controls on Lag Deposit Formation in Onslow Bay
The formation of submerged lag deposits in Onslow Bay has been influenced by
fluctuations in bathymetry from transgressive-regressive sea level cyclicity, depositional
environments, and shelf gradient. Over the course of one sea level cycle, a single shelf locality
can be subjected to highly variable bathymetric conditions, in addition to sub-aerial exposure and
fluvial erosion. Particularly applicable to Onslow Bay are the inner, middle, and outer neritic
continental shelf zones utilized by Browning et al. (2006; 2008) and Mountain et al. (2010).
These zones occur with increasing distance from shore in water depths between ≈0-20m, ≈20100m, and >100m, respectively, and are subjected to progressively less depositional energy,
wave-base erosion, and sedimentation rates with increasing bathymetry. Browning et al. (2006;
2008) and Mountain et al. (2010) also indicate that seafloor erosion from mean fairweather wave
base is greatest at a water depth of ≈10m whereas mean storm wave base is greatest near the
boundary between the inner and middle neritic zones at a water depth of ≈20-30m. Interestingly,
the shallower, intermediate, and deeper Onslow Bay shelf localities are currently located near or
within the depth range of mean storm wave base which suggests modern erosion and reworking
on the seafloor is controlled by the frequency of large coastal storms (Fig. 2.15). These
observations are reinforced by recent age dates obtained through 14C analyses of encrusting
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carbonates and the taphonomy of megatoothed shark teeth from the three Onslow Bay shelf
localities.
In Onslow Bay, differential erosion between the shallower, intermediate, and deeper shelf
localities has exposed either the Pungo River or Yorktown formations and induced different
degrees of taphonomic wear present on megatoothed shark teeth. The exposure of these
formations is related to the extent of fluvial scouring during episodic sub-aerial shelf exposure,
bathymetrically controlled depositional energy, wave base erosion, and the rate of transgression.
Analysis of bathymetric contours across Onslow Bay also indicates that the shelf gradient is
steeper between the intermediate and deeper shelf localities than between the present-day
shoreline and shallower shelf locality. This difference in shelf gradient suggests that
transgression, and an overall increase in bathymetry since the LGM, would have occurred more
rapidly across areas with steeper shelf gradients (i.e., the deeper and intermediate shelf
localities). As a result of more rapid transgression, the intermediate and deeper shelf localities
would have been subjected to reduced bottom scouring, sediment erosion, and bioerosion (Norris
1986; Parsons and Brett 1991; Siggerud and Steel 1999; Siggerud et al. 2000). Subsequently,
only the Yorktown Formation is exposed at the intermediate and deeper shelf localities and lag
deposits contain only Pliocene fossil remains including teeth of O. megalodon. In contrast, the
more gradual rate of transgression occurring between the shallower shelf locality and present-day
shoreline would have subjected these areas to greater amounts of lateral erosion, bottom
scouring, reworking, and bioerosion (Riggs et al. 1992). Extensive erosion at the shallower shelf
locality has exposed the Pungo River Formation and formed a lag deposit containing Miocene
and Pliocene vertebrate fossils, including shark teeth belonging to O. chubutensis and O.
megalodon, in addition to Pleistocene terrestrial mammal teeth.
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Comparative Taphonomy Between the Three Submerged Shelf Localities
The occurrence of O. megalodon teeth deriving from the Yorktown Formation at each of
the three submerged Onslow Bay shelf localities provides a means to compare the taphonomy of
these remains in lag deposits actively forming in progressively deeper bathymetries. The results
of the taphonomic analyses indicate that: (1) O. megalodon teeth from the shallower shelf
locality are more likely to be fragmentary, dark in color, highly abraded/polished, and contain an
abundance of bioerosion, (2) O. megalodon teeth from the intermediate shelf locality are less
likely than those from the shallower shelf locality to be fragmentary however, are in many cases
highly abraded/polished and bioeroded, and (3) O. megalodon teeth from the deeper shelf
locality are the most likely to be intact, light in color, and contain low degrees of abrasion/polish
and bioerosion (Figs. 2.7–2.13).

92

Figure 2.10: Tooth Fragmentation Index for Otodus megalodon teeth from the shallower, intermediate, and
deeper shelf localities: (A–B) Category 3: 75% fragmentation=1/4 or less of the tooth remains, (C) Category 2:
50% fragmentation=1/2 tooth, (D) Category 1: 25% fragmentation=3/4 tooth, (E) Category 0: 0%
fragmentation=whole tooth. (F) Graphical comparison of tooth fragmentation index data for 100 randomly
selected O. megalodon teeth from each of the three submerged shelf localities. All scale bars=2cm.
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Figure 2.11: Tooth Abrasion/Polish Index for Otodus megalodon teeth from the shallower, intermediate, and
deeper shelf localities: (A–B) Complete absence of tooth serrations and smooth/rounded root and tooth
surfaces of abrasion stage 2; (C–D) Presence of faint tooth serrations and moderate rounding of root and
tooth surfaces of abrasion stage 1; (E–F) Presence of all tooth serrations and no evidence of root and tooth
rounding of abrasion stage 0. Scale bars in A, C, E=2cm; B, D, F=1cm. (G) Graphical comparison of tooth
abrasion/polish index data for 100 randomly selected O. megalodon teeth from each of the three submerged
shelf localities.
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Figure 2.12: Tooth Color/Phosphatization Index for Otodus megalodon teeth from the shallower,
intermediate, and deeper shelf localities: (A–D) Dark, gray-black colored/phosphatized tooth enamel and
dentine; (E–H) Light, orange-brown colored tooth enamel and dentine. Scale bars in A–H=5cm. (I) Graphical
comparison of the percentage of dark colored/phosphatized teeth for 100 randomly selected O. megalodon
teeth from each of the three submerged shelf localities.
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Figure 2.13: Percentage of bioerosion for Otodus megalodon teeth from the shallower, intermediate, and
deeper shelf localities: (A–B) Presence of bioerosion in the form of circular-ovular depressions ranging from
1–15mm in size and created by endolithic bivalves (See Fig. 5); (C–D) No evidence of bioerosion >1mm in
size seen without magnification. (E) Graphical comparison of the percentage of bioeroded teeth for 100
randomly selected O. megalodon teeth from each of the three submerged shelf localities. Scale bars in A–
D=5cm.

Taphonomic comparison between O. chubutensis teeth, deriving from the Pungo River
Formation at the shallower shelf locality (Fig. 2.14), and O. megalodon teeth, deriving from the
Yorktown Formation at each of the three submerged shelf localities (Figs. 2.7–2.13), indicates
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that the preservation state of O. chubutensis teeth is similar to that of O. megalodon teeth from
the deeper shelf locality (See Figs. 2.7–2.14). Although these teeth derive from both different

Figure 2.14: Representative Otodus chubutensis teeth recovered from the Miocene Pungo River Formation at
the shallower shelf locality (A–D). Scale bars=2cm. Graphical comparison of taphonomic index data for 100
randomly selected O. chubutensis teeth from the shallower shelf locality following the same parameters
utilized for O. megalodon teeth described in the Taphonomic Index section of this manuscript and in Figures
10–13. (E) Tooth fragmentation; (F) Tooth Abrasion/Polish; (G) Tooth Color/Phosphatization; (H) Bioerosion.
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geologic formations and submerged shelf localities separated by ≈30km, they lack extensive
taphonomic wear, bioerosion, and carbonate encrustation which suggests that they have only
recently been exhumed from their host sediments. In contrast, the occurrence of taphonomically
distinct O. chubutensis and O. megalodon teeth co-occurring in the lag deposit at the shallower
shelf locality reinforces the trend in which geologically younger fossils are more susceptible to
multiple exhumation and reburial events and exhibit greater amounts of wear than those that are
geologically older (Table 2.3; e.g., Brett and Baird 1986; Kidwell 1986; Brett 1995).
Progressively less taphonomic wear and bioerosion of Pliocene fossils with increasing
bathymetry is also exhibited by other, co-occurring shark teeth and marine mammal remains
recovered from each of the three submerged shelf localities (Figs. 2.7–2.9).

Table 2.3: Comparison of tooth fragmentation, abrasion/polish, color/phosphatization, and bioerosion
taphonomic indices for Otodus megalodon (Pliocene Yorktown Formation) and Otodus chubutensis
(Miocene Pungo River Formation) from the shallower shelf locality in Onslow Bay.

It is also noteworthy that Pleistocene terrestrial mammal remains have only been
recovered from the shallower shelf locality and consist of isolated teeth preserving crowns and
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roots with low degrees of abrasion/polish and small (≤1cm), infrequent bioerosion. The minor
taphonomic wear observed on these terrestrial mammal teeth suggests that only localized lateral
and vertical reworking has occurred rather than extensive fluvial transport. These observations
reinforce prior studies indicating Pleistocene terrestrial mammals once lived on the sub-aerially
exposed continental shelf of ACP (e.g., Becker and Chamberlain 2010; Garrison et al. 2008;
2012; 2016). In addition to Pleistocene terrestrial mammal remains, the shallower shelf locality
contains large, terrestrial cobbles. These cobbles were likely transported seaward from the
Appalachian Mountain region of northwestern NC as they are sub-angular to rounded and consist
mainly of quartz and quartzite. Terrestrial clasts decrease in size and abundance with increasing
bathymetry and distance from the modern shoreline at the intermediate and deeper shelf
localities. This suggests that the shallower shelf locality was in proximity to the ancestral Cape
Fear River during episodes of sub-aerial shelf exposure while the intermediate and deeper shelf
localities were more distant from fluvial sources. As a result, shelf localities with fewer durable,
terrestrial clasts contain megatoothed shark teeth with less taphonomic wear.
Biostratigraphic Significance of Fossil Shark Teeth from Onslow Bay
The occurrence of biostratigraphically significant megatoothed shark taxa including O.
chubutensis and O. megalodon from the submerged shelf of Onslow Bay provide a means to
correlate submerged exposures with land-based outcrops and determine the extent of erosion and
time-averaging that has occurred in the lag deposits. A detailed analysis of chondrichthyans
present in land-based exposures of the Pungo River and Yorktown Formations at the PCS mine
near Aurora, North Carolina, was compiled by Purdy et al. (2001) and more recently, the
taxonomy of lamniform and carcharhiniform sharks from the Pungo River and Yorktown
formations of Onslow Bay was reported by Maisch et al. (2018). In these studies, taxa including:
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Otodus chubutensis, Physogaleus contortus Gibbes 1849, and Galeocerdo aduncus Agassiz
1843, are noted to only occur in the Miocene Pungo River Formation while Otodus megalodon,
Parotodus benedinii Le Hon 1871, Carcharodon carcharias Linnaeus 1758, and large, blade-like
Carcharodon hastalis Agassiz 1843 teeth are known to occur in the Pliocene Yorktown
Formation. These chronological assignments have been cross-checked and confirmed in multiple
stratigraphic settings across the Atlantic and Gulf Coastal plains and elsewhere globally and
reinforce the formation assignments at each of the three submerged localities in Onslow Bay
(e.g., Purdy 1998; Purdy et al. 2001; Hulbert 2001; Reinecke et al. 2011; Bor et al. 2012;
Cappetta 2012; Reinecke and Radwański 2015; Maisch et al. 2015; 2018).
In this study, biostratigraphically significant megatoothed shark teeth occur in each of the
three submerged Onslow Bay shelf localities. In particular, the shallower shelf locality contains
teeth belonging to O. chubutensis and O. megalodon whereas the intermediate and deeper shelf
localities contain teeth of O. megalodon while those of O. chubutensis are not present. The
occurrence of teeth from two biostratigraphically significant and taphonomically distinct
megatoothed taxa at the shallower shelf locality reinforces the fact that a greater amount of
erosion and time-averaging has occurred in shallower bathymetry and closer to the present-day
shoreline. In contrast, the occurrence of O. megalodon teeth and lack of O. chubutensis teeth at
the intermediate and deeper shelf localities supports reduced amounts of erosion and timeaveraging with increasing bathymetry and distance from the present-day shoreline.
Bioerosion of Megatoothed Shark Teeth from Onslow Bay
The extent of bioerosion observed in O. megalodon teeth from the Yorktown Formation
and O. chubutensis teeth from the Pungo River Formation, is unique in that it directly correlates
with the degree of tooth fragmentation and abrasion/polish seen across the three submerged
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Onslow Bay shelf localities. Bioerosion is most frequently observed in Pliocene shark teeth
recovered from the shallower and intermediate shelf localities (Figs. 2.7–2.8; 2.13; Table 2.1)
and is uncommon in O. megalodon teeth from the deeper shelf locality and in O. chubutensis
teeth from the Pungo River Formation at the shallower shelf locality (Figs. 2.9; 2.13–2.14; Table
2.1). The majority of the bioerosion present in megatoothed shark teeth and other vertebrate
fossil remains from Onslow Bay consists of cylindrical macroborings assignable to the
ichnogenus Gastrochaenolites. These borings range in size from 1–20mm in diameter and up to
50mm in length, are identical to those of Gastrochaenolites torpedo Kelly and Bromley 1984,
and Gastrochaenolites lapidicus Kelly and Bromley 1984, and are known to be the products of
endolithic bivalves including Lithophaga and Jouanettia species (Fig. 2.5; Kelly and Bromley
1984). It is noteworthy for this study that these Gastrochaenolites ichnospecies are included in
the Entobia ichnofacies which is interpreted to form in shallow marine limestones and
hardgrounds similar to those seen in Onslow Bay (e.g., Kelly and Bromley 1984; Bromley and
D’Alessandro 1987; Bromley and Asgaard 1993; Bromley 1994; De Gibert et al. 1998). Many
megatoothed shark teeth from Onslow Bay contain an abundance of borings occurring at various
angles on multiple tooth surfaces and indicates numerous episodes of intense bioerosion and
reworking have occurred in response to wave base erosion from bathymetric changes and large
coastal storms (See Figs. 2.7A–B; 2.13A–D; 2.14A–B).
In this study, bioeroded, taphonomically distinct, and biostratigraphically significant
megatoothed shark teeth occur at each of the three submerged Onslow Bay shelf localities. In
particular, bioerosion is most abundant on Pliocene shark teeth occurring at the shallower shelf
locality and becomes less abundant in progressively deeper water depths and geologically older
fossils (e.g., O. chubutensis teeth; Miocene Pungo River Formation). The amount of bioerosion
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present is also directly related to the degree of erosion, reworking, and taphonomic wear on
megatoothed shark teeth from each of the three submerged shelf localities and Pleistocene and
Holocene bathymetric fluctuations.
The Influence of Modern Coastal Storms on Lag Deposit Formation across the submerged
Onslow Bay Shelf
In Onslow Bay, the shallower, intermediate, and deeper submerged shelf localities
currently reside under ≈25m, ≈30m, and ≈35m of seawater and occur at distances of ≈30km,
≈40km, and ≈60km from the present-day shoreline, respectively. At the shallower shelf locality,
teeth of O. chubutensis from the Pungo River Formation and O. megalodon from the Yorktown
Formation exhibit distinctly different degrees of taphonomic wear and are currently exposed on
or near the seafloor. Teeth of O. megalodon are frequently fragmentary, abraded/polished, darker
in color, bioeroded, and encrusted whereas those of O. chubutensis exhibit little to no
taphonomic wear, bioerosion, and carbonate encrustation. These differences in preservation
indicate that O. megalodon teeth have been exposed on or near the seafloor for extended periods
of time and underwent multiple reworking events whereas O. chubutensis teeth have only been
recently exhumed from their host sediment. At the intermediate shelf locality, O. megalodon
teeth from the Yorktown Formation exhibit variable degrees of taphonomic wear, bioerosion,
and carbonate encrustation that suggests some of these teeth have been recently exhumed while
others have been reworked multiple times. The deeper shelf locality also exposes the Yorktown
Formation and contains O. megalodon teeth that exhibit little to no taphonomic wear, bioerosion,
and carbonate encrustation similar to those of O. chubutensis from the shallower shelf locality. In
addition to these observations, the 14C analyses of corals encrusting O. megalodon teeth support
bedload transport and recent reworking on the seafloor. Variation in the degree of taphonomic
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wear, biostratigraphic mixing, bioerosion, and carbonate encrustation observed on megatoothed
shark teeth from the three shelf localities reinforces the fact that these submerged lag deposits are
still in the process of formation as a result of storm wave base erosion and reworking in
progressively increasing bathymetry along the gently dipping Onslow Bay shelf (e.g., Mearns et
al. 1988; Morton 1988; Renaud et al. 1996, 1997; Riggs et al. 1998; Wren and Leonard 2005;
Browning et al., 2008; Mountain et al. 2010; Riggs et al. 2011; Warner et al. 2012).
Recently, the State Climate Office of North Carolina, reported that 83 direct, land-falling
hurricanes and tropical storms have affected NC between 1851 and 2016. Included in this storm
census, are 11 Category-3, 9 Category-4, and 1 Category-5 hurricanes. In particular, hardbottom
outcrops, similar to those across the study area in the Cape Fear Region of Onslow Bay, have
been monitored to assess the impact of hurricanes Diana (September, 1984; Category-4), Bob
(August, 1991; Category-2), Emily (August, 1993; Category-3), and Isabel (September, 2003;
Category-2) and the Nor’easter superstorm of March, 1993 (Mearns et al. 1988; Renaud et al.
1996, 1997; Riggs et al. 1998; Wren and Leonard 2005). These studies recorded pre- and poststorm conditions of specific hardbottom outcrops using side-scan sonar and SCUBA diving
surveys in addition to sediment traps, current meters, and other sub-bottom monitoring devices.
As a result of this research, it was noted that normal bottom currents in Onslow Bay have
average velocities of 15–18 cm/s and do not move or re-suspend any surficial sediment (Riggs et
al. 1998). However, long-period swells and subtidal flows from large storms can yield bottom
currents of ≥99 cm/s that are capable of suspending the entire fine sand sheet and reworking
coarser sediment within the storm wave base zone on the sea floor as bed load (Mearns et al.
1988; Renaud et al. 1996, 1997; Riggs et al. 1998; Wren and Leonard 2005). It is evident from
these studies and taphonomic analyses that megatoothed shark teeth in the submerged Onslow
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Bay shelf lag deposits are influenced by large modern storm events. The effects of large coastal
storms have also been recognized in the stratigraphic record across the ACP and suggests that
proximity to fairweather and storm wave base should be considered in taphonomic analyses of
lag deposits (Swift et al. 1986; Morton 1988; Riggs et al. 1998; Miller et al. 2014).
Submerged and Actively Forming Lag Deposits in Onslow Bay: Implications for Land-Based
Lag Deposit Formation Processes
The three Onslow Bay lag deposits are submerged along a diachronous continuum of
increasing bathymetry between ≈25–35m and ≈30–60km from the present-day shoreline (Figs.
2.1; 2.15). These lags are unique in that they contain megatoothed shark teeth that exhibit
variable degrees of taphonomic wear, bioerosion, and carbonate encrustation and are still
actively forming on the modern seafloor. The Onslow Bay shelf localities also exhibit different
amounts of erosion and biostratigraphic mixing as a product of overall bathymetry. At the
shallower shelf locality (≈25m) in Onslow Bay, the Pungo River Formation is exposed and
biostratigraphic mixing of Miocene and Pliocene megatoothed shark teeth including O.
chubutensis and O. megalodon has occurred. In contrast, the intermediate and deeper shelf
localities (≈30–35m) expose only the Yorktown Formation and contain only Pliocene shark teeth
including those of O. megalodon. We interpret these observed taphonomic features to reflect
differences in the extent of fairweather and storm wave base erosion and reworking at the
shallower, intermediate, and deeper shelf localities in Onslow Bay (e.g., Fig. 2.15; Browning et
al. 2006; 2008; Mountain et al., 2010).
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Figure 2.15: Generalized cross-section of the Onslow Bay shelf displaying underlying sedimentary units,
bathymetry, areas most likely to be subjected to mean fairweather and mean storm wave base, and relative
locations of the shallower, intermediate, and deeper submerged shelf localities. Note the presence of larger
clasts and greater abundance of taphonomically worn teeth at the shallower shelf locality and lesser
amounts of large clasts and taphonomic wear at the intermediate and deeper shelf localities. Also note the
overall trend in decreasing fragmentation, abrasion/polish, color/phosphatization, and bioerosion with
increasing bathymetry and distance from the present-day shoreline.

In addition to modern wave base erosion, the three submerged Onslow Bay shelf
localities have also been subjected to ancestral bathymetric fluctuations, fairweather and storm
wave-base erosion, and reworking as a result of Neogene and Holocene glacioeustactic sea level
cyclicity (Riggs et al. 1985; 1992; 2011). These sea level changes influenced seaward and
landward advances of the ancestral shoreline and the extent of fluvial channeling on sub-aerially
exposed portions of the shelf (Riggs et al. 1992). Fluvial activity across the Onslow Bay shelf
also transported terrestrial clasts seaward however their size and abundance progressively
decreases with increasing bathymetry and distance from the modern shoreline. As seen in
Onslow Bay, lag deposits occurring in shallower water have the greatest potential to exhibit
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biostratigraphic mixing and contain an abundance of terrestrial cobble-pebble clasts and
fragmentary, abraded/polished, dark colored/phosphatized, and bioeroded shark teeth. In
contrast, as water depth increases and taphonomic and depositional settings change, lags exhibit
less biostratigraphic mixing and contain fewer terrestrial cobble- pebble clasts and shark teeth
with reduced taphonomic wear (Fig. 2.15). The distinctly different degrees of taphonomic wear
on megatoothed shark teeth in Onslow Bay occur within a bathymetric difference of ≈10m, a
lateral distance of ≈30km between the shallower and deeper shelf localities, and along a gently
dipping continental shelf with an average slope of ≈0.33m/km. These factors indicate that the
actively forming shallower, intermediate, and deeper Onslow Bay shelf lags are bathymetrically
controlled and provide a means to interpret and model the formation and taphonomic histories of
similar land-based, Cretaceous, Paleogene, and Neogene lag deposits (e.g., Shimada 1987;
Becker et al. 1996; 1998; 2006; 2008; Purdy et al. 2001; Shimada et al. 2006; Bor et al. 2012;
Kocsis et al. 2014; Boessenecker et al. 2014; Maisch et al. 2014; 2015). It is also noteworthy that
many land-based lag deposits are associated with 3rd and 4th order sea level cycles and contain:
(1) mixed assemblages consisting of the remains of sharks and other vertebrates with distinctly
different habitat preferences, (2) remains that are time-averaged and derive from individuals that
differ in age by thousands to millions of years, (3) terrestrial clasts, and (4) fossils exhibiting
varying degrees of taphonomic wear (Haq et al. 1988; Boulila et al. 2011; Haq 2014).
Differences in biostratigraphic mixing, taphonomic wear, bioerosion, and carbonate
encrustation among shark teeth from the three submerged Onslow Bay shelf localities also
predict the future impact of modern sea level rise on land-based, subsurface fossil accumulations
in the unconsolidated sediments of the Atlantic and Gulf Coastal Plains and in particular, landbased lags occurring in the Pungo River and Yorktown formations exposed at the PCS Mine near
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Aurora, NC. Although the current rate of sea level rise in NC is between 30–45cm every 100
years, recent projections forecast this rate to continually increase, yielding a sea level rise of 50–
88cm by the year 2100 (Riggs and Ames 2003; Riggs et al. 2011; Miller et al. 2014). The
potential also exists to compare the taphonomy of megatoothed shark teeth from Onslow Bay to
those from other contemporaneous, submerged deposits elsewhere globally to further interpret
the processes of lag deposit formation in different bathymetries and continental shelf settings
(e.g., Gorsline and Milligan 1963; Jordan et al. 1964; Pfeil 1984; Seret 1987; Renz 1999; Fuqua
2011; Antunes et al. 2015).
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CHAPTER 3 — MACROBIOEROSION OF MEGATOOTHED SHARK TEETH:
IMPLICATIONS FOR TIMING VERTEBRATE FOSSIL LAG DEPOSIT
FORMATION IN ONSLOW BAY, NORTH CAROLINA

Abstract
The continental shelf in the Cape Fear Region of southwestern Onslow Bay, North
Carolina, contains lag deposits with an abundance of megatoothed shark teeth, specifically those
of Otodus megalodon and Otodus chubutensis from the Pliocene Yorktown and Miocene Pungo
River formations. These teeth exhibit different degrees of bioerosion and contain ichnofossils
identified as: Gastrochaenolites torpedo, Gastrochaenolites lapidicus, Maeandropolydora sulcans,
and Entobia isp. that are attributed to endolithic bivalves, serpulid worms, and clionid sponges.
Differences in bioerosion observed on these megatoothed shark teeth can be separated into four
categories: 1) taphonomically worn shark teeth and borings, 2) taphonomically worn shark teeth
with borings that contain the shells of endolithic bivalves, 3) taphonomically worn shark teeth
without borings, or 4) shark teeth with little to no taphonomic wear and bioerosion most likely a
result of recent exhumation. Many shark teeth in category 1 contain multiple borings at various
angles and on opposing tooth surfaces indicating numerous episodes of bioerosion and reworking
have occurred since their initial burial. Radiocarbon dating of endolithic bivalves found directly
in bored teeth in category 2 indicates that some of the observed bioerosion is recent and only
dates back several hundred years. Similarly, radiocarbon age dates for corals encrusting teeth in
category 3 and 4 support their recent exhumation and occurrence on the modern seafloor.
Consequently, the four categories of bioerosion observed on megatoothed shark teeth provide a
means to interpret and time processes of lag deposit formation as products of storm events and
sea level cyclicity since the Miocene in Onslow Bay.
122

Introduction
For over 500 years, the occurrence of bioerosion has been identified in rocky substrates
and recorded in the works of such famous individuals as Leonardo Da Vinci (Baucon, 2010) and
Charles Lyell (Lyell, 1831). These studies focused on utilizing bioerosion to interpret sea level
changes as observed in rocks discovered many kilometers from the nearest shorelines in addition
to limestone pillars affected by tectonism adjacent to the coast. Since this time, numerous studies
of firm and rocky substrates in the stratigraphic record have used bioerosion to evaluate changes
in sea level by connecting trace making organisms with their associated paleoenvironments (e.g.,
Warme and Marshall, 1969; Warme, 1975; Bromley et al., 1984; Kelly and Bromley, 1984;
Bromley and D’Alessandro, 1987; Ager, 1989; Bromley, 1992; Renaud et al., 1996; Riggs et al.,
1996; 1998; Savazzi, 1999; Taylor and Wilson, 2003; Bromley, 2004; Morhange et al., 2006;
Carmona et al., 2007; Savrda, 2007; Ricci et al., 2015).
In Mesozoic-Recent depositional environments, vertebrate skeletal remains comprise
ideal, hard substrates, in the absence of firm or rocky sources, for endolithic organisms and
ultimately their associated bioerosion. Recent studies of bioeroded vertebrates include: 1) marine
mammal bones (Boreske et al., 1972; Tapanila et al., 2004; Esperante et al., 2009; Kiel et al.,
2010; Belaústegui et al., 2012; Boessenecker and Fordyce, 2015), 2) coprolites (Tapanila et al.,
2004) and 3) microborings (<1mm) in shark and fish teeth (Martill, 1989; Underwood et al.,
1999; Underwood and Mitchell, 2004; Becker et al., 2009; Cappetta, 2012). However, despite
their abundant and global occurrence, bioerosion has yet to be identified in megatoothed shark
teeth.
In this report, we describe for the first time, bioerosion in megatoothed shark teeth
recovered from submerged lag deposits in increasing bathymetry and distance from the presentday shoreline across Onslow Bay, North Carolina. This bioerosion represents the activities of
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endolithic bivalves, serpulid worms, and clionid sponges. The frequency of borings is related to
exposure time on or near the seafloor during exhumation, reburial, and lag deposit formation. As
a result, these differences in bioerosion frequency provide a means to interpret and time the
process of lag deposit formation in Onslow Bay. This process of bioerosion observed on
megatoothed shark teeth from submerged lag deposits in Onslow Bay is the result of storm
events and sea level cyclicity occurring since the Miocene.

Figure 3.1: Onslow Bay Study Area. A) Inset map of the Atlantic Coastal Plain of the United States showing
the Onslow Bay study region (star) and maximum extent of marine inundation during the Middle Miocene
≈18ma (red line) and sea level lowstand during the Last Glacial Maximum ≈18ka (black line). B) Map of the
Cape Fear Region of southwestern Onslow Bay showing bathymetric contours and the seismic stratigraphic
sediment divisions beneath Onslow Bay modified from Snyder et al. (1982) and Snyder et al. (1993). Letters a,
b, and c show the locations of the shallower (a), intermediate (b), and deeper (c) fossiliferous shelf localities
discussed in this study. After Figure 1 of Maisch et al. (2018) and Figures 1.1; 2.1 in this dissertation.

Geology and Paleontology Summary of the Submerged Shelf Localities
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Bioeroded megatoothed shark teeth described in this report were recovered from three
submerged shelf localities adjacent to Frying Pan Shoals in southwestern Onslow Bay, North
Carolina (Figure 3.1). These localities occur at approximately 30km (25m deep), 40km (30m
deep), and 60km (35m deep) from the present-day shoreline and are referred to as the shallower,
intermediate, and deeper submerged shelf localities, respectively (Figure 3.1). Sediments found
at these submerged shelf localities include brown-gray or gray-blue clay and gray-tan sandy
limestone that we (Fig. 3.2; Maisch et al., 2018, in prep.) have identified as either the Miocene
Pungo River or Pliocene Yorktown formations based on prior bore hole and outcrop data given
by Roberts and Pierce (1967); Cleary and Pilkey (1968); Meisberger (1979); Blackwelder et
al.(1982); Crowson et al., (1994); Riggs et al. (1996, 1998); Schmid (1996); Reynaud et al.
(1997); sequence stratigraphy (Snyder et al., 1982; 1990; 1993); and paleontological
investigations (Maisch et al., 2018; in prep.). These formations are exposed as low-relief
hardbottom scarps (<1000m2) with adjacent lag deposits composed of well-rounded and poorly
sorted, cobble, pebble, and sand-sized clasts that contain an abundance of fossil shark teeth and
marine mammal remains (Fig. 3.3). Larger clasts occurring in these lag deposits consist of
sandstone, limestone, microsphorite, quartz, and vertebrate fossil remains including
megatoothed shark teeth (Figs. 3.4-3.8), marine mammal bones and teeth (Fig. 3.9), and
occasional Pleistocene terrestrial mammal teeth (Fig. 3.9).
In my previous paper (Maisch et al., 2018) we showed that in Onslow Bay, the shallower
shelf locality exposes the Miocene Pungo River Formation and contains a lag deposit with: 1)
Miocene chondrichthyan teeth, including those belonging to Otodus chubutensis (Ameghino,
1906), that exhibit little to no bioerosion and taphonomic wear, 2) Pliocene chondrichthyan teeth,
including those of Otodus megalodon (Agassiz, 1835), that occur as bioclasts eroded from the
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Pliocene Yorktown Formation and exhibit extensive amounts of bioerosion and taphonomic
wear, and 3) Pleistocene terrestrial mammal teeth. In contrast, the intermediate and deeper shelf
localities expose only the Pliocene Yorktown Formation and contain an abundance of Pliocene
chondrichthyan teeth, including those belonging to O. megalodon. Additionally, Pliocene marine

Figure 3.2: Generalized stratigraphic column for the PCS Mine (modified from Ward, 2007), and shallower,
intermediate and deeper Onslow Bay study localities described in this report in relation to the Miocene–
Holocene glacioeustactic sea level curve of Riggs et al. (1985). Formation abbreviations: FB=Flanner Beach;
JC=James City; CT=Croatan; YT=Yorktown; EO=Eastover Formation; PR= Pungo River. Note the absence of
the Eastover Formation at the PCS Mine and extensive amount of erosion in Onslow Bay. After Figure 2 of
Maisch et al. (2018) and Figures 1.2; 2.2 of this dissertation.

mammal remains are abundant and co-occur with chondrichthyan teeth at each of the three
submerged shelf localities (Maisch et al., 2018; in prep.). It is also of interest that the
megatoothed shark taxa O. chubutensis and O. megalodon are biostratigraphically significant and
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have been well-documented in regional and global studies (e.g., Purdy et al., 2001; Reinecke et
al., 2011; Bor et al., 2012; Cappetta, 2012; Carrillo-Briceño et al., 2015; Pimiento et al., 2013;
2016; Kocsis et al., 2018; Maisch et al., 2015; 2018). For additional descriptions of the Pungo
River and Yorktown formations, the vertebrate fossils within these formations, and a discussion
on the submerged fossiliferous Onslow Bay shelf exposures see: Riggs et al. (1982; 1985);
Snyder et al. (1993); Purdy et al. (2001); Ward (2007); and Maisch et al. (2018; in prep).
Methods
Collecting Methods and Laboratory Procedures
Bioeroded megatoothed shark teeth and marine mammal remains featured in this report
were collected over a seven-year period during multiple SCUBA dives out of Carolina Beach
Inlet in each of the submerged shelf localities identified in Figure 3.1. Specimens were collected
directly from the seafloor excavated from the unconsolidated lag deposits or through bulk
sampled lag deposit sediment brought to the surface. For additional collecting techniques, see
Maisch et al. (2018; in prep). In the submerged Onslow Bay lag deposits, megatoothed shark
teeth co-occur with marine mammal remains and are frequently encrusted with corals,
bryozoans, sponges, and algae that were removed using dilute acetic acid and dental picks.
Specimens were imaged using an Olympus SZ61 Binocular Microscope attached to an Infinity–2
Digital Camera or Canon EOS Rebel T5 digital camera. Representative examples of bioeroded
megatoothed shark teeth from the shallower, intermediate, and deeper submerged shelf localities
were selected from an assemblage of approximately 2000 specimens. In this study, regional and
global literature was utilized to identify megatoothed shark teeth (Purdy et al., 2001; Cappetta,
2012), ichnofossils (Kelly and Bromley,1984), and endolithic organisms (Turner, 1954 1955;
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Figure 3.3: Underwater images of the limestone scarp at the shallower (1) and intermediate shelf locality (2).
Fragments of limestone scarp rock with bioerosion indicated by arrows from the shallower (3) and
intermediate shelf locality (4). Underwater images of Pungo River (5) and Yorktown Formation clay (6) with
bioerosion indicated by arrows at the shallower and intermediate shelf localities, respectively. (7)
Generalized stratigraphic section of the Miocene Pungo River Formation and the overlying Miocene
limestone scarp as exposed at the shallower shelf locality; arrows point to the fossil and cobble-rich lag and
the extensively bored contact between the lag and underlying marl. 8) Generalized stratigraphic section of
the Yorktown Formation and the overlying Pliocene limestone scarp as exposed at both the intermediate and
deeper shelf localities; arrows point to the fossil and sand-rich lag and the moderately bored contact
between the lag and underlying clay. Scale bars: 1=1m; 2-6 =10cm. Figures 3.7-3.8 from Maisch et al. (2018).
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1969; Emerson and Jacobson, 1976; Rehder and Carmichael, 1981; Porter and Houser, 1997; and
Riggs et al., 1998). Figured fossil specimens have been reposited in the collections of The
Academy of Natural Sciences of Drexel University, Philadelphia, Pennsylvania, USA, under the
catalogue numbers ANSP 24110–ANSP 24185. Additional details regarding field and laboratory
methods can be found in Maisch et al. (2018; in prep.).
Systematic Ichnology
Ichnogenus GASTROCHAENOLITES (Leymerie, 1842)
Gastrochaenolites torpedo (Kelly and Bromley, 1984)
Fig. 3.4; 3.8
Material examined—Six teeth (ANSP 24163; 24164; 24171–24174) and four bone fragments
(ANSP 24160; 24184; 24154; 24185).
Description—Straight, cylindrical borings with diameters ranging in size from 5-15mm
and lengths of ≥50mm. Borings are rarely isolated and usually co-occur with additional closelyspaced borings that are emplaced at various angles and on multiple surfaces. Most borings have
truncated and rounded edges and all borings lack bioglyphs (i.e., grooved channels and imprints)
along the interior boring surfaces. Borings are preserved either: 1) penetrating the entire tooth 2),
grazing tooth surfaces, or 3) only as anterior-most circular depressions lacking boring apertures
and main chambers. For additional discussion on boring terminology and preservation see Kelly
and Bromley (1984; Fig. 1; 3); and Bromley and Asgaard (1991; Fig. 13). No live boring
bivalves or remnant carbonaceous boring linings were found in any fossil remains however, G.
torpedo borings contain either: 1) smaller borings, 2) nestling bivalves including Hiatella,
Diplodonta, and Cumingia species (e.g., Bałuk and Radwański, 1979; Rehder and Carmichael,
1981; Porter and Houser, 1997; Savazzi, 1999; Ricci et al., 2015), 3) the shells of juvenile
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Lithophaga sp., or 4) are infilled with sand and carbonaceous encrustations from corals,
bryozoans, sponges, and algae.

Figure 3.4: Gastrochaenolites torpedo bioerosion in O. megalodon teeth from Onslow Bay. Note the
occurrence of secondary borings within larger borings (1, 4); borings at various orientations (2, 4, 5); borings
on both lingual and labial tooth surfaces (5-7); and truncated borings (8, 10). Lithophaga antillarum shell (9)
recovered from Onslow Bay and interpreted as a likely tracemaker of G. torpedo borings. All teeth exhibit
taphonomic wear and bioerosion of bioerosion category 1. Teeth in 1 (ANSP 24171), 2 (Private collection of
B. Major), 4-8; 10 (ANSP 24163; 2417-24174)=shallower shelf locality; 3 (ANSP 24164)=intermediate shelf
locality. Tooth orientations: 1, 2, 4-5, 8, 10=lingual; 3, 6, 7=labial. Scale bars: 1, 4, 5-6, 8, 10=2cm; 2, 9=5cm; 3,
7=1cm.

Discussion—Gastrochaenolites torpedo borings can be distinguished from those of G.
lapidicus which also occur in Onslow Bay due to the presence of elongate, cylindrical borings
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that completely lack bioglyphs. Additionally, G. torpedo differs from other similar
Gastrochaenolites isp. including G. ampullatus, G. ornatus, and G. turbinatus due to the
presence of a circular boring morphology from the neck to the anterior-most boring region, lack
of anterior boring bioglyphs, and larger overall size. In Onslow Bay, large G. torpedo borings
frequently co-occur with those of smaller G. lapidicus and Entobia isp. This trace fossil
association has been reported in carbonate-rich sea cliffs, submerged scarps, rocky shores, and
other shallow marine paleoenvironments around the world and attests to extended periods of low
net sedimentation in nutrient-rich water (e.g., Kelly and Bromley, 1984; Bromley and Asgaard,
1993a,b; Gibert et al., 1998; 2012).
Interpretation— We interpret smooth, elongate, and rounded borings of G. torpedo in
Onslow Bay to be the products of endolithic mytilid bivalves including the Antillean date
mussel, Lithophaga antillarum (d’Orbigny, 1842) and the mahogany date mussel, Lithophaga
bisulcata (d’Orbigny, 1842). These bivalves are known to form borings in firm and rocky
substrates, that include living and dead corals and limestone, in shallow marine environments in
North Carolina and elsewhere along the southeastern United States (Turner and Boss, 1962;
Scott, 1988; Porter and Hauser, 1997; Riggs et al., 1998; Valentich-Scott and Dinesen, 2004).
Additionally, Lithophaga species have previously been reported in Neogene invertebrate
assemblages and are typically associated with borings of G. torpedo (e.g., Ward and
Blackwelder, 1987; Kelly and Bromley, 1984; Bromley and Asgaard, 1993a,b; Campbell, 1993;
Donovan and Hensley, 2006; Ward, 2007).
The valve of L. antillarum recovered from Onslow Bay and seen in Figure 4 is elongate
and cylindrical, has a smooth shell hinge line, and contains concentric ridges near the posterior
shell margin. In contrast, L. bisulcata valves are similar to those of L. antillarum however they
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have exterior calcareous deposits, a tapered posterior shell region, smaller overall sizes, and a
darker exterior color (Turner and Boss, 1962; Rehder and Carmichael, 1981; Scott, 1988; Porter
and Houser, 1997). The lack of exterior shell ornamentation and abrasion on Lithophaga shells
from Onslow Bay supports prior research that indicates chemical (i.e., biocorrosive) rather than
mechanical boring techniques are utilized by these bivalves (Turner and Boss, 1962; Scott, 1988;
Kleemann, 1986; 1990; 1996; Savazzi, 1999). Additionally, Lithophaga borings are
preferentially constructed horizontally in carbonate-rich substrates that are elevated above the
seafloor, lack bioglyphs or sculpturing on the sidewalls, and appear identical to those of G.
torpedo (e.g., Turner and Boss, 1962; Kelly and Bromley, 1984; Scott, 1988; Kleemann, 1986;
1990; 1996; Savazzi, 1999).
Gastrochaenolites lapidicus (Kelly and Bromley, 1984)
Fig. 3.5; 3.8
Referred Material— Four teeth (ANSP 24175-24178) and three bone fragments (ANSP 24155;
24161; 24183).
Description— Flask/tear drop-shaped borings with diameters ranging in size from 215mm and lengths ≤20mm. Borings are rarely isolated and usually co-occur with additional
closely-spaced borings that are emplaced at various angles and on multiple surfaces. Many of
these borings have truncated and rounded edges. Bioglyphs are infrequently preserved on shark
teeth however occur as a series of finger-like grooves emanating from a circular to ovular-shaped
base (Fig. 3.5:8-9). Some borings graze tooth and bone surfaces while others penetrate the entire
tooth or bone. No live boring bivalves or remnant carbonaceous boring linings were found in any
fossil remains however, G. lapidicus borings contain either: 1) smaller, secondary borings; 2) the
shells of nestling bivalves including Hiatella, Diplodonta, and Cumingia species (e.g., Bałuk and
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Radwański, 1979; Rehder and Carmichael, 1981; Porter and Houser, 1997; Savazzi, 1999; Ricci
et al., 2015); 3) the shells of pholadid and gastrochaenid bivalves, or 4) are infilled with sand and
carbonaceous encrustations from corals, bryozoans, and algae. Borings of G. lapidicus are also
abundant within the outcropping gray, Yorktown Formation clay that underlies the lag
accumulations at the intermediate shelf locality and frequently contain empty shells of Jouanettia
quillingii (Turner, 1954) that are white in color, extremely thin and fragile, and are infilled with
sand and clay.
Discussion— Gastrochaenolites lapidicus can be distinguished from G. torpedo that has
also been identified in Onslow Bay due to the presence of small, circular to flask-shaped borings
that may contain bioglyphs. Additionally, G. lapidicus differs from other Gastrochaenolites isp.
including G. ampullatus, G. orbicularis, G. ornatus, and G. turbinatus due to the presence of a
narrow boring neck and the lack of well-defined anterior boring bioglyphs. In Onslow Bay, G.
lapidicus borings frequently co-occur with those of large G. torpedo, M. sulcans, and Entobia
isp. This trace fossil association has also been reported in carbonate-rich sea cliffs, submerged
scarps, rocky shores, and other shallow marine paleoenvironments around the world and attests
to extended periods of low net sedimentation in nutrient-rich water (e.g., Kelly and Bromley,
1984; Bromley and Asgaard, 1993a,b; Gibert et al., 1998; 2012).
Interpretation— We interpret smooth and flask-shaped borings of G. lapidicus in Onslow
Bay to be the products of endolithic pholadid and gastrochaenid bivalves including Jouanettia
quillingii and Gastrochaena hians (Gmelin, 1791), respectively. These bivalves are known to
form borings in firm and rocky substrates that include mud, clay, coral, and limestone in shallow
marine environments in North Carolina and elsewhere along the southeastern United States
(Turner, 1954; 1955; 1969; Porter and Hauser, 1997; Riggs et al., 1998; Valentich-Scott and
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Figure 3.5: Gastrochaenolites lapidicus bioerosion in O. megalodon teeth (1-7; ANSP 24175; 24177) and
Carcharodon carcharias tooth (8-9; ANSP 24178) from Onslow Bay. Note the distinct flask-like boring shape
in O. megalodon tooth (1-2; 4-5); matrix attached to O. megalodon tooth root (6-7); and Yorktown Formation
clay (10); finger-like bioglyph (8-9); evidence for chemical (biocorrosive) boring as stained rinds in clay (13);
and circular/flask-like discolorations in tooth enameloid (6.1; 8-9). Jouanettia quillingii (11) interpreted as a
likely tracemaker of G. lapidicus borings in O. megalodon teeth and Yorktown Formation clay (12) from
Onslow Bay and. All teeth exhibit taphonomic wear and bioerosion of bioerosion category 1. Teeth in 34=shallower shelf locality and 1-2, 6-9=intermediate shelf locality. Tooth orientations: 1, 6, 8=labial; 3=lingual;
4=lateral; 2=basal. Scale bars: 1-2; 5-7; 9-13=1cm; 3-4; 8=2cm

Dinesen, 2004). It is also noteworthy that J. quillingii is the only known extant species of
Jouanettia in the western Atlantic, one of only five extant Jouanettia species worldwide, and was
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first reported in dredge samples from ≈32m of water near the Onslow Bay study area by the
USFS Albatross in 1885 (Turner, 1954). However, numerous Jouanettia and Gastrochaena
species have been reported in Neogene invertebrate assemblages and associated with borings of
G. lapidicus (e.g., Ward and Blackwelder, 1983; Kelly and Bromley, 1984; Campbell, 1993;
Donovan and Hensley, 2006; Ward, 2007).
As seen in Figure 3.5, the valve of J. quillingii is distinct from those of Lithophaga
species and is globular, contains well-defined concentric ridges, and recurved, spinous shell
ornamentation on the posterior shell margin. In contrast, G. hians has an elliptical, flask-like
shell, faint concentric ridges, and lacks spinous shell ornamentation (See: Porter and Hauser,
1997).
In Onslow Bay, the shells of J. quillingii and G. hians are extremely thin and fragile and
lack exterior shell abrasion that indicates these bivalves utilize chemical (i.e., biocorrosive)
rather than mechanical boring techniques (Morton, 1986; Kleemann, 1990; 1996; Savazzi, 1999).
The occurrence of stained rinds around borings within clay (Fig. 3.5:13) and as ovular-flaskshaped discolorations on the enameloid of megatoothed shark teeth (Fig. 3.5:1; 3.5:8-9) also
supports the chemical boring method of these bivalves. Additional studies also indicate that
pholadid and gastrochaenid bivalves, including J. quillingii and G. hians, preferentially construct
borings that: 1) are perpendicular to carbonate-rich substrates elevated above the seafloor, 2)
have a flask-like shape, and 3) appear identical to those of G. lapidicus identified in megatoothed
shark teeth from Onslow Bay (Turner, 1954; 1955; 1969; Morton, 1986; Bromley and Asgaard,
1993a,b; Savazzi, 1999).
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Figure 3.6: Maeandropolydora sulcans (1-7; 9; ANSP 24162; 24168; 24179-24180) and circular-ovular Entobia
isp. (1, 3, 7-8; ANSP 24168; 24179-24180) bioerosion in O. megalodon teeth from Onslow Bay. Note the
serpentine path of M. sulcans borings, closely spaced pits and cavities of Entobia isp. (1; 7-8), and cooccurrence of Gastrochaenolites bioerosion (5-9). All teeth exhibit taphonomic wear and bioerosion of
bioerosion category 1 and were collected at the shallower shelf locality. The lingual surface of 3 can be seen
in Figure 4.3. Tooth orientations: 1, 5, 7=lingual; 3=labial. Scale bars: 1-9=1cm.
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Ichnogenus MAEANDROPOLYDORA (Voigt, 1965)
Maeandropolydora sulcans Voigt, 1965
Fig. 3.6
Referred Material— Four teeth (ANSP 24162; 24168; 24179-24180).
Description— Maeandropolydora sulcans borings occur as faintly-engraved serpentine
trails. These borings are more frequently observed in porous shark tooth root dentine and are
≤1mm deep and ≤2mm wide. Borings are truncated, lack bioglyphs and are commonly encrusted
by corals, bryozoans, and algae.
Discussion— The presence of surficial, serpentine borings that lack vanes connecting
boring loops or more than two apertures readily distinguishes Maeandropolydora sulcans from
G. torpedo, G. lapidicus, and Entobia isp. that also occur in Onslow Bay in addition to other
Maendropolydora isp. including M. decipiens Voigt, 1965 and M. elegans Bromley and
D’Alessandro, 1983. These same characteristics also distinguish M. sulcans borings from those
of Caulostrepsis taeniola Clarke, 1908 and Trypanites weisei Mägdefrau, 1932 also known to
occur in shallow marine substrates (e.g., Bromley and D’Alessandro, 1983; Gibert et al., 1998;
2007; Pineda-Salgado et al., 2015). In Onslow Bay and in other carbonate-rich, shallow marine
substrates around the world, M. sulcans borings frequently co-occur with those of
Gastrochaenolites isp. and Entobia isp. and attest to extended periods of low net sedimentation
in nutrient-rich water (e.g., Kelly and Bromley, 1984; Bromley and Asgaard, 1993a,b; Gibert et
al., 1998; 2012).
Interpretation—We interpret borings of M. sulcans in Onslow Bay to derive from the
endolithic behavior of serpulid worms. Prior studies indicate that serpulid worms secrete
carbonaceous tubes in addition to constructing elongate-sinuous voids or impressions through
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mechanical and chemical boring techniques (e.g., Bromley, 1978; Bromley and D’Alessandro,
1983; Bastida-Zavala et al., 2017). Since numerous and abundant serpulid worm taxa, including
the carnation worm, Hydroides dianthus (Verrill, 1873) and the keel worm, Pomatoceras
triqueter (Linnaeus, 1758), are known to occur in a wide range of habitats and water depths in
the southeastern United States, and the substrate-dependent variability of extant serpulid worm
borings has gone unstudied, we refrain from lower level identification of the Maeandropolydora
sulcans trace maker in Onslow Bay.
Ichnogenus ENTOBIA (Bronn, 1837)
Entobia isp.
Fig. 3.6-7; 9
Referred Material— Six teeth (ANSP 24168; 24171; 24179-24182) and one bone fragment
(ANSP 24161).
Description— Entobia isp. borings occur as: 1) small, closely-spaced networks of
circular to ovular pits on shark teeth and marine mammal bone surfaces that penetrate the
underlying interior structure and 2) faint, branching networks that discolor or are engraved on
enameloid tooth surfaces. Borings are more frequently observed in porous dentine of shark tooth
roots and cancellous bone matrix and do not contain bioglyphs. Large, empty Entobia isp.
borings are commonly infilled with sand and carbonaceous encrustations from corals, bryozoans,
and algae.
Discussion— The presence of small, circular surface borings and branching,
interconnected cavities distinguishes Entobia isp. from G. torpedo, G. lapidicus, and M. sulcans
that also occur in Onslow Bay. Entobia isp. in global studies also frequently co-occur with those
of G. torpedo, G. lapidicus, and M. sulcans in carbonate-rich substrates and attest to extended
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periods of low net sedimentation and substrate elevated above the seafloor in nutrient-rich water
(e.g., Bromley and D’Alessandro, 1984; Bromley and Asgaard, 1993a,b; Gibert et al., 1998;
2012). Additionally, in Neogene trace and invertebrate fossil assemblages, numerous sponge
borings have been identified as Entobia isp. (e.g., Bromley and D’Alessandro, 1984; Bromley
and Asgaard, 1993a,b; Campbell, 1993; Gibert et al., 2007). However, some of these studies
identify Entobia borings based on: 1) surface boring morphology, 2) microscopic boring
morphology, or 3) or a combination of both techniques (e.g., Bromley, 1978; Bromley and
D’Alessandro, 1984; 1989; Bromley and Asgaard, 1993a,b; Gibert et al., 1998; 2007). As a result
of these different identification techniques, numerous Entobia ichnospecies have been described
for circular forms (e.g., E. geometrica Bromley and D’Alessandro, 1984 and E. ovula Bromley
and D’Alessandro, 1984), and branching forms (e.g., E. cateniformis Bromley and D’Alessandro,
1984).
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Figure 3. 7: Branched Entobia isp. (1-8; ANSP 24171; 24181; 24182) bioerosion in O. megalodon teeth from
Onslow Bay. Note the rectangular-branched discolorations in tooth enameloid (1-4) and shallow, branched
surface borings (5-8). All teeth exhibit taphonomic wear and bioerosion of bioerosion category 1 and were
collected at the shallower shelf locality. The lingual surface of 1-2 can be seen in Figure 5.1. Tooth
orientations: 3-4=lingual; 1-2, 5-6; 7-8=labial. Scale bars: 1, 4, 6=5cm; 2-3, 5, 8=1cm; 7=2cm.
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Interpretation— We interpret borings of Entobia isp. in Onslow Bay to derive from the
endolithic behavior of sponges. Endolithic sponges are known to form borings through both
chemical (i.e., biocorrosive) and mechanical boring techniques in a variety of different rocky
substrates, including coral and limestone in shallow marine environments in North Carolina and
elsewhere along the southeastern United States (e.g., Old, 1941; Neumann, 1966; Pomponi,
1977; Diaz and Rützler, 2001; Rützler, 2002; Zea and Weil, 2003; Halperin, 2014). The borings
of extant sponges are known to vary in surface morphology, between the substrate surface and
subsurface, and depending on the host substrate (Bromley, 1978; Pineda-Salgado et al., 2015).
This variability in the morphology of extant endolithic sponge borings suggests that variability in
Entobia isp. may in fact be attributable to differential, substrate-dependent boring habitats of a
single species (Bromley and D’Alessandro, 1984; Bromley, 2004; Nava and Carballo, 2008). In
Onslow Bay, Entobia bioerosion in porous shark tooth dentine and marine mammal bones appear
as closely spaced, circular pits or cavities (Fig. 3.6:1; 3.6:3; 3.6:7-8; 3.9:7) whereas those in
shark tooth enameloid exhibit faint, branching networks (Fig. 3.7). We acknowledge that the
Onslow Bay Entobia bioerosion may belong to one or more Entobia isp. however, due to
difficulties in properly identifying the borings of modern sponges we refrain from lower level
classification of the Entobia isp. trace maker in Onslow Bay.
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Figure 3.8: Gastrochaenolites and Entobia bioerosion in marine and terrestrial mammal remains from
Onslow Bay. (1-8; ANSP 24154-24155; 24160-24161; 24184-24185) Pliocene marine mammal bones from the
three submerged shelf localities and (9-10) Pleistocene Mammoth tooth from the shallower shelf locality.
Note the abundance of large borings occurring at various orientations as indicated by arrows. En=Entobia
bioerosion. Tooth in 9-10 from the private collection of S. Jenkins. Scale bars: 1-5, 8=5 cm; 6-7, 9=10cm;
10=1cm.
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Figure 3.9: Bioerosion categories 1-4 represented by O. megalodon and O. chubutensis teeth from Onslow
Bay. (1-7) O. megalodon teeth of bioerosion category 1 displaying numerous, taphonomically worn
Gastrochaenolites borings at various orientations and on multiple tooth surfaces (ANSP 24165-24167). (8-9)
O. megalodon tooth of bioerosion category 2 with small Lithophaga sp. bivalve present within a boring
(ANSP 24168). (10-11) O. megalodon tooth of bioerosion category 3 displaying taphonomic wear and lacking
bioerosion (Private collection of S. Major). O. megalodon (12-13; ANSP 24169) and O. chubutensis (14-15;
ANSP 24170) teeth of bioerosion category 4 displaying little to no taphonomic wear and bioerosion. Teeth in
1-9; 14-15=shallower shelf locality; 10-11=intermediate shelf locality; 12-13=deeper shelf locality; Tooth
orientations: 1, 3, 5, 8, 10, 12, 14=lingual; 2, 4, 7, 11, 13, 15=labial; 6= basal. Scale bars: 1-4; 12-13=4 cm; 5-7;
9=1cm; 8; 10-11; 14-15=2cm.
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Radiocarbon Dating
Radiocarbon dating of endolithic bivalves and corals found in direct association with O.
megalodon teeth from the submerged lag deposits in Onslow Bay are included in Table 3.1. No
endolithic bivalves and corals sufficient for radiometric dating occurred on O. chubutensis teeth
from the shallower shelf locality. Also included in this analysis was a mastodon tooth fragment
recovered from the shallower shelf locality. All 14C analyses were conducted at the Keck Carbon
Cycle Accelerator Mass Spectrometry (AMS) Facility in the Earth System Science Department
at the University of California, Irvine. Samples were leached with 50% dilute hydrochloric acid
prior to hydrolysis with 85% phosphoric acid. All results were corrected for isotopic
fractionation according to Stuiver and Polach (1977), with δ13C values measured on prepared
graphite. Samples identified as modern (i.e., post-1950) contain excess 14C, attributed to mid20th century atmospheric thermonuclear weapons tests.
Table 3.1: Results of radiocarbon analyses for corals, endolithic bivalves, and a mastodon tooth fragment
recovered from the shallower, intermediate, and deeper shelf localities in Onslow Bay after Table 2 of Maisch
et al. (in prep.) and Table 2.2 of this dissertation. Note that the mastodon tooth fragment age is given in years
before present (BP).

Results of Radiocarbon Analyses from the Three
Submerged Shelf Localities in Onslow Bay
#
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Sample Description
Age
Shallower Shelf Locality
Coral growing on O. megalodon tooth
Modern
Coral growing on O. megalodon tooth
1635 AD
Lithophaga sp. shell fragment
Modern
Lithophaga sp. shell from O. megalodon tooth Modern
Mastodon Tooth Fragment
31870 BP
Intermediate Shelf Locality
Coral growing on O. megalodon tooth
Modern
Coral growing on O. megalodon tooth
Modern
Coral growing on O. megalodon tooth
Modern
Lithophaga sp. shell fragment from lag
1895 AD
Jouanettia sp. shell from clay under lag
Modern
Deeper Shelf Locality
Coral growing on O. megalodon tooth
Modern
Coral growing on O. megalodon tooth
Modern
Coral growing on O. megalodon tooth
Modern
Coral growing on O. megalodon tooth
Modern
Jouanettia sp. shell from clay under lag
Modern
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±

15

210

15

Table 3.2: Bioerosion data for Gastrochaneolites borings in O. chubutensis and O. megalodon from the
shallower, intermediate, and deeper shelf localities Onslow Bay. For each shelf locality and taxon, 100 teeth
were analyzed to determine the percent of bioeroded teeth and number of teeth within bioerosion categories
1-4. Also included are the total number of borings and the averages and standard deviations for
borings/bored tooth.

Bioerosion of Otodus chubutensis and Otodus megalodon teeth
from Onslow Bay
Shelf Locality

%
Bioeroded

% Bioerosion
Category

Total #
Average # of
Borings Borings/Bored tooth

1

2

3

4

0

5

90

12

1.12 ± σ = 0.42

Shallower
Otodus chubutensis

10

5

Otodus megalodon

80

75 5

17 3

451

5.64 ± σ = 4.91

70

59 11 23 7

407

5.81 ± σ = 4.60

12

6

36

3.00 ± σ = 3.81

Intermediate
Otodus megalodon
Deeper
Otodus megalodon

2

3

89

Analysis of Bioerosion in Megatoothed Shark Teeth from Onslow Bay
In this study, 100 randomly selected O. chubutensis teeth from the shallower shelf
locality and 100 randomly selected O. megalodon from each of the three submerged shelf
localities were analyzed for bioerosion (i.e., 400 total teeth). These same teeth were previously
utilized to assess bathymetrically controlled taphonomic trends in megatoothed shark teeth from
Onslow Bay by Maisch et al. (in prep.). Quantitative analyses on the frequency of
Gastrochaenolites bioerosion in O. chubutensis and O. megalodon teeth are included in Table
3.2. Only Gastrochaenolites borings were utilized in these analyses since they are the most
abundant and readily identifiable form of bioerosion preserved on O. megalodon and O.
chubutensis teeth from Onslow Bay. The preservation of Gastrochaneolites borings on these
teeth can be placed within one of four bioerosion categories that are as follows: 1)
taphonomically worn shark teeth and borings, 2) taphonomically worn shark teeth with borings
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that contain the shells of endolithic bivalves, 3) taphonomically worn shark teeth without
borings, or 4) shark teeth with little to no taphonomic wear and bioerosion (Fig. 3.8). In addition
to these analyses, we quantitatively assessed the frequency of lingual and labial tooth surface
borings on O. megalodon and O. chubutensis teeth from each of the three submerged shelf
localities (Table 3.3) and compared the total bioerosion occurring in O. megalodon teeth from
each of the three submerged shelf localities (Table 3.4) using t-tests.

Table 3.3: Bioerosion data for Gastrochaneolites borings occurring on the lingual and labial tooth surfaces of
O. chubutensis and O. megalodon from the shallower, intermediate, and deeper shelf localities Onslow Bay.
Included are the total number of lingual tooth surface borings, the total number of labial tooth surface
borings, averages and standard deviations for lingual and labial tooth surface borings occurring on bored
teeth, and t-test results.

Lingual and Labial Tooth Surface Bioerosion of Otodus chubutensis and
Otodus megalodon teeth from Onslow Bay
Total # Lingual
Surface Borings

Total # Labial
Surface Borings

Otodus chubutensis

8

4

Otodus megalodon

293

158

268

139

Lingual Borings=3.82 ± σ = 3.01
p < 0.001
Labial Borings=1.98 ± σ = 1.89

24

12

Lingual Borings=2.0 ± σ = 2.40
Labial Borings= 1.0 ± σ = 1.50

Shelf Locality

Average Lingual and Labial
Borings/Bored Tooth

T-Test
Results

Shallower
Lingual Borings=0.8 ± σ = 0.42
p < 0.08
Labial Borings=0.4 ± σ = 0.52
Lingual Borings=3.66 ± σ = 3.13
p < 0.001
Labial Borings=1.98 ± σ = 2.22

Intermediate
Otodus megalodon
Deeper
Otodus megalodon

p < 0.30

At the shallower shelf locality, O. megalodon teeth occur as bioclasts that have been reworked
from the Pliocene Yorktown Formation. As seen in Table 3.2, 80% of these teeth are bioeroded
and bored teeth have on average 5.64 ± σ = 4.91 borings/tooth. Additionally, 75% of O.
megalodon teeth from the shallower shelf locality can be attributed to bioerosion category 1 and
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contain on average 3.66 ± σ = 3.13 lingual and 1.98 ± σ = 2.22 labial tooth surface borings
(Tables 3.2-3.3). As indicated by the results of the t-tests in Table 3.3, the frequency of lingual
and labial tooth surface borings on O. megalodon teeth from the shallower shelf locality is
significantly different. The total frequency of bioerosion in O. megalodon teeth from the
shallower shelf locality is approximately the same as that on O. megalodon teeth from
intermediate shelf locality, however is distinctly different and much greater than that on O.
megalodon teeth from the deeper shelf locality (Table 3.4). In contrast, geologically older O.
chubutensis teeth that also occur at the shallower shelf locality are only 10% likely to exhibit
bioerosion and bored teeth have on average 1.12 ± σ = 0.42 borings/tooth (Table 3.2). Bioeroded
teeth of O. chubutensis also have the lowest average number of lingual (0.8 ± σ = 0.42) and
labial (0.4 ± σ = 0.52) tooth surface borings and t-test analyses indicate these differences are not
significant (Table 3.3).
Table 3.4: Comparison of Gastrochaenolites borings occurring in Otodus megalodon teeth from each of the
three submerged shelf localities. Included are the total percent of bioeroded teeth from each shelf locality,
the total number of borings counted on teeth from each shelf locality, and t-test results for comparing the
shallower and intermediate, shallower and deeper, and intermediate and deeper shelf localities.

Comparison of bioerosion in Otodus megalodon teeth from Onslow Bay
Shelf Locality
Shallower
Otodus megalodon
Intermediate
Otodus megalodon
Deeper
Otodus megalodon

% Bioeroded Total # Borings
80

451

70

407

12

36

T-test results

Shallower--Intermediate=P<0.85
Shallower--Deeper=P<0.05
Intermediate--Deeper=P<0.04

At the intermediate shelf locality, 70% of O. megalodon teeth are bioeroded and bored
teeth have on average 5.81 ± σ = 4.60 borings/tooth (Table 3.2). Additional comparison of O.
megalodon teeth from across each of the three submerged shelf localities, indicates that those
from the intermediate shelf locality are the most likely to be attributed to bioerosion categories 2
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and 3 (23% and 11%, respectively), have the greatest average number of borings/tooth, and
bored teeth have on average 3.82 ± σ = 3.01 lingual and 1.98 ± σ = 1.89 labial tooth surface
borings (Tables 3.2;3.4). As indicated by the t-test results in Table 3.3, the average lingual and
labial tooth surface borings on O. megalodon teeth from the intermediate shelf locality are
significantly different and similar to those for O. megalodon teeth from the shallower shelf
locality. Total bioerosion of O. megalodon teeth from the intermediate shelf locality is similar to
the shallower shelf locality however, as indicated above, is much greater than that occurring on
O. megalodon teeth from the deeper shelf locality (Table 3.4).
At the deeper shelf locality, only 12% of O. megalodon teeth are bioeroded and bored
teeth have on average 3.00 ± σ = 3.81 borings/tooth (Table 3.2). In comparison to O. megalodon
teeth from across each of the three submerged shelf localities, those from the deeper shelf
locality are 89% likely to be attributed to bioerosion category 4, are the least likely to contain
bioerosion and are distinctly different from those recovered from the other shelf localities and
have on average 2.0 ± σ = 2.40 lingual and 1.0 ± σ = 1.50 labial tooth surface borings (Tables
3.2-3.4). The results of the t-test analyses indicate that the average lingual and labial tooth
surface borings on O. megalodon teeth from the deeper shelf locality are not significantly
different (Table 3.3). In this regard, bioerosion in these teeth appears similar to that occurring on
geologically older O. chubutensis teeth from the shallower shelf locality (Tables 3.2-3.3).
Discussion
Ichnofacies and Associated Bioerosion
In Onslow Bay, the ichnofossil assemblage consists of Gastrochaenolites torpedo,
Gastrochaenolites lapidicus, Maeandropolydora sulcans, and Entobia isp. and occurs in O.
megalodon and O. chubutensis teeth from each of the three submerged shelf localities. By
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comparison to other ichnofossil assemblages, those found in Onslow Bay belong to the Entobia
ichnofacies (See: Bromley and Asgaard, 1993a,b). The Entobia ichnofacies has been identified
globally in sediment starved, shallow marine, firm-rocky substrates since the Jurassic (Bromley
and D’Alessandro, 1987; Watkins, 1990; Bromley and Asgaard, 1993a,b; Bromley, 1994;
Martinell and Domènech, 1995; Domènech et al., 2001; Gibert et al., 1998; 2007). Within the
Entobia ichnofacies, large borings, similar to those observed in megatoothed shark teeth from
Onslow Bay, are known to represent prolonged periods (i.e., several years to ≥10 years) of
reduced or negligible sediment supply in clear, nutrient-rich water (Evans, 1970; Bromley and
D’Alessandro, 1987; Frey et al., 1990; Bromley and Asgaard, 1993a,b; Bromley, 1994; Renaud
et al., 1996; 1997; Gibert et al., 1998; Riggs et al., 1996; 1998; Wren and Leonard, 2005;
Freshwater et al., 2016).
In Onslow Bay, Gastrochaenolites borings are truncated with rounded edges, contain
smaller secondary borings, occur on opposing tooth surfaces and at various angles, and are
infilled with sediment, carbonaceous encrusting growth, or the shells of small endolithic or
nestling bivalves. Additionally, many Gastrochaenolites borings are preserved as either “half”
(i.e., concave, semi-circular) borings that surficially erode tooth and bone surfaces (Figs. 3.4:4;
3.5:8-9; 3.8:5-7; 3.8:12; 3.9:3; 3.9:8) or large, circular depressions (i.e., the anterior-most portion
of borings; Figs. 3.4:6-8; 3.4:10; 3.6:5; 3.6:7-9; 3.8:1-3; 3.8:6; 3.8:14; 3.9:1; 3.9:3).
Bioerosion data from Table 3 also demonstrates that the abundance of borings in Pliocene
O. megalodon teeth from the shallower and intermediate shelf localities is approximately the
same however dramatically decreases in teeth from the deeper shelf locality. These distinct
differences are also observed in Pliocene marine mammal remains that also occur in each of the
three submerged lag deposits across the Onslow Bay shelf (Fig. 3.9; also see Maisch et al., in
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prep.). In contrast, the geologically older teeth of O. chubutensis that occur only at the shallower
shelf locality, are infrequently bioeroded relative to those of O. megalodon. Otodus chubutensis
teeth are also the most likely to be attributed to bioerosion category 4 since these teeth do not
exhibit extensive amounts of taphonomic wear, carbonate encrustation, and bioerosion which
suggests they have only recently been exhumed from the Miocene Pungo River Formation
currently exposed at the shallower shelf locality.
Radiocarbon Dating
As seen in Table 3.1, the majority of endolithic bivalves and corals associated with
megatoothed shark teeth from Onslow Bay yielded modern radiocarbon age dates of post-1950.
The two oldest samples included a coral encrusting a bioeroded and taphonomically worn O.
megalodon tooth from the shallower shelf locality dated to be 1635 ±15 AD and a Lithophaga
antillarum shell recovered from the lag at the intermediate shelf locality dated to be 1895 ±15
AD. These radiocarbon dates indicate that a degree of the observed bioerosion on megatoothed
shark teeth occurred recently in association with their exhumation from underlying sediments
and exposure on the seafloor. We interpret the recent bioerosion and exposure of these teeth on
the sea floor to be the product of storm events and sea level rise over the last few thousand to a
few hundred years. However, the majority of the borings within these teeth do not contain the
remains of endolithic bivalves, exhibit extensive amounts of taphonomic wear, and occur at
various angles. This condition indicates that multiple episodes of bioerosion, exhumation, and
reburial occurred prior to 1950 during the formation and concentration of megatoothed shark
teeth, specifically those belonging to O. chubutensis and O. megalodon in each of the three
submerged lag deposits.
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Taphonomy of Bioerosion Observed in Megatoothed Shark Teeth
Borings seen in O. megalodon teeth and the remains of marine mammals in all three
submerged shelf localities indicate multiple episodes of exhumation, seafloor exposure, reburial,
and bioerosion have occurred (Figs. 3.4-3.9; Tables 3.2-3.4). These episodes are demonstrated in
bioerosion categories 1-4 and include borings that are various sizes, truncated and excavated to
different depths, abraded/polished, lack carbonaceous boring linings, occur on multiple tooth
surfaces and at various orientations, contain smaller secondary borings, are infilled with sand,
clay, corals, bryozoans, or algae, or contain the remains of endolithic and nestling bivalves (Figs.
3.4-3.9). In all O. chubutensis and O. megalodon teeth analyzed from the submerged lag deposits
in Onslow Bay, no two borings have identical lengths, widths, depths, and angles (Figs. 3.4-3.6;
3.8). We attribute the random boring orientations and sizes observed in megatoothed shark teeth
from Onslow Bay to be a product of their occurrence as mobile clasts when exposed on the
seafloor, orientation within host and actively forming lag deposit sediments, and the preferred
boring habits of endolithic bivalves.
Although the frequency of borings, their orientations, and sizes are highly variable, it is
apparent from these analyses that the lingual tooth surfaces of O. megalodon teeth from the
shallower and intermediate shelf localities are more likely to be bioeroded. At the shallower shelf
locality, 80% of O. megalodon teeth exhibit bioerosion of which 64.9% occurs on lingual tooth
surfaces, whereas 70% of O. megalodon teeth exhibit bioerosion of which 65.8% occurs on the
lingual tooth surfaces at the intermediate shelf locality (Tables 3.2-3.3). Although the lingual
tooth surfaces of both O. megalodon teeth at the deeper shelf locality and geologically older O.
chubutensis teeth from the Miocene Pungo River Formation at the shallower shelf locality were
66.6% likely to be bioeroded, a total of only 12% and 10% of these tooth assemblages,
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respectively, were bioeroded. The low total number of borings on O. chubutensis teeth from the
shallower shelf locality and O. megalodon teeth from the deeper shelf locality influenced the
results of the t-tests such that these averages are not significantly different in contrast to the teeth
of O. megalodon from the shallower and intermediate shelf localities (Tables 3.2-3.3). In
addition to the greater frequency of bioerosion on O. megalodon teeth from the shallower and
intermediate shelf localities, these teeth are also more likely to be attributed to bioerosion
categories 1-3 and exhibit greater amounts of taphonomic wear (Tables 3.2-3.3; Maisch et al., in
prep.). This suggests that, at least for teeth of O. megalodon, the hydrodynamic properties of
megatoothed shark teeth influence their overall orientation such that concave labial surfaces are
more likely to be in contact with the seafloor whereas convex lingual surfaces are more likely to
face upwards and be exposed on or near the seafloor during storm and sea level cyclicity events
(Figs. 3.4-3.8; Tables 3.2-3.3). Similar situations have also been documented with the orientation
of bivalve shells in shallow marine environments where the convex shell valve surface is more
likely to face upwards in high energy settings (e.g., Nagle, 1967; Emery, 1968; Clifton and
Boggs, 1970; Brett and Baird, 1986; Norris, 1986; Parsons and Brett, 1991).
Onslow Bay is known to have experienced low net sedimentation rates and numerous,
large coastal storm events since the Miocene (e.g., Wren and Leonard 2005; Riggs et al., 1996;
1998; 2011). As a result, hardbottom outcrops of Cenozoic geologic formations are exposed on
the seafloor and are affected by high energy storm induced waves and currents capable of
eroding, concentrating, and reorienting fossils. We attribute the more frequent occurrence of
lingual tooth surface borings to be a product of prolonged exposure on or near the seafloor,
numerous exhumation and reburial events, hydrodynamic sorting, and successive bivalve
colonization events that occurred over the entire lag deposit formation process and is still
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occurring today. This is directly reflected in O. megalodon teeth from the shallower and
intermediate shelf localities that exhibit greater amounts of taphonomic wear and have
significant differences in the frequency of lingual and labial tooth surface borings (Table 3.3). In
contrast, O. megalodon teeth from the deeper shelf locality and O. chubutensis teeth from the
shallower shelf locality are the most likely to be attributed to bioerosion category 4, contain
encrusting carbonates with modern radiocarbon dates, and exhibit little to no bioerosion and
taphonomic wear (Tables 3.1-3.4; Maisch et al., in prep.). These observations reinforce the
interpretation that O. chubutensis teeth from the shallower shelf locality and O. megalodon teeth
from the deeper shelf locality have only recently been exhumed from their host sediments and
have not been subjected to prolonged exposure on or near the seafloor over the course of
numerous storm and sea level cyclicity events in Onslow Bay. Likewise, a greater degree of
bioerosion occurs on Pliocene teeth of O. megalodon at the shallower and intermediate shelf
localities as these teeth occur on the seafloor as bioclasts that have been eroded at a much earlier
time (Tables 3.1-3.4).
Our data indicates that boring frequency is greater at the shallower and intermediate shelf
localities than at the deeper shelf locality (Tables 3.2-3.4). We attribute this difference to be the
product of more frequent exhumation and reburial events in response to fair-weather and storm
wave-base at the shallower and intermediate shelf localities and more recent exhumation and
reworking at the deeper shelf locality (e.g., Maisch et al., in prep). Teeth from deeper
bathymetries are also more likely to be attributed to bioerosion categories 3 and 4 and exhibit
lesser amounts of taphonomic wear and bioerosion (Fig. 3.8; Table 3.2). As previously indicated
by Maisch et al. (in prep.) the degree of taphonomic wear and bioerosion observed on
megatoothed shark teeth from Onslow Bay is greater in shallower bathymetry where shelf
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locations and vertebrate fossils are more susceptible to wave-base erosion, exhumation, and
reburial. In this regard, the intermediate and deeper shelf localities expose only the Pliocene
Yorktown Formation and contain O. megalodon teeth. The occurrence of bioeroded and
taphonomically worn O. megalodon teeth that also contain the shells of endolithic bivalves at the
intermediate shelf locality indicates they have only recently been re-exposed on the seafloor in
response to wave-base reworking. In contrast O. megalodon teeth at the deeper shelf locality are
infrequently bioeroded and taphonomically worn and as a result have only recently been
exhumed from their host sediment. However, the lack of O. chubutensis teeth at the intermediate
and deeper shelf localities indicates that wave-base erosion has yet to expose the Miocene Pungo
River Formation. These interpretations on boring frequency are also reinforced by the wide range
in standard deviation seen in Tables 3.2 and 3.3 and indicates that teeth exposed on or near the
seafloor for prolonged periods of time over the course of multiple exhumation and reburial
events exhibit greater amounts of bioerosion.
Model for Macrobioerosion in Onslow Bay – Timing Vertebrate Fossil Lag Deposit Formation
The bioerosion observed in megatoothed shark teeth from the three submerged shelf
localities in Onslow Bay provides a means by which the timing of lag deposit formation can be
modeled. This process relies on the fact that bioerosion takes place on hard substrates, including
shark tooth bioclasts, that must be exposed on or near the seafloor surface. At the shallower shelf
locality, the occurrence of O. chubutensis teeth indicates the process of bioerosion and lag
deposit formation may date as far back as the Early Miocene (Aquitanian-Burdigalian). This
process had to have been initiated by the deposition of O. chubutensis teeth and is constrained by
the known Early-Late Miocene chronological range of this taxon (e.g., Purdy et al., 2001; Bor et
al., 2012; Cappetta, 2012; Pimiento et al., 2016 Maisch et al., 2015; 2018). These teeth had
immediate potential to be bioeroded as they were shed and accumulated on the seafloor in
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sediments of the Pungo River Formation. A similar situation exists for teeth belonging to O.
megalodon that also occur at the shallower shelf locality and have a known chronological range
from the late Early Miocene to the Late Pliocene (e.g., Purdy et al., 2001; Cappetta, 2012;
Pimiento et al., 2016; Kocsis et al., 2018; Maisch et al., 2018). The teeth of O. megalodon at the
shallower shelf locality contain the greatest frequency of bioerosion and also exhibit extensive
amounts of taphonomic wear. As indicated by Maisch et al. (in prep.), the shallower shelf
locality is the most susceptible to wave-base erosion and reworking from fair-weather and storm
conditions such that O. megalodon teeth from this locality are the most likely to be bioeroded,
reoriented, and taphonomically worn due to more frequent exhumation and reburial events. At
the intermediate and deeper shelf localities, bioerosion has been occurring on O. megalodon
teeth since their deposition in Pliocene Yorktown Formation sediments however becomes
dramatically reduced with increasing bathymetry and therefore lesser effects of wave-base
erosion and reworking. Additionally, teeth of O. chubutensis are absent at the intermediate and
deeper shelf localities since only the Pliocene Yorktown Formation is presently exposed.
At the three submerged shelf localities, we model the concentration and lag deposit
formation of O. chubutensis and O. megalodon teeth as the product of numerous storm and sea
level cyclicity events (Browning et al., 2006; Riggs, 1984; Riggs et al., 1982; 1985; 1998; 2011;
Maisch et al., 2018; in prep.). Prior studies indicate over 20 transgressive-regressive sea level
cycles have occurred in Onslow Bay (e.g., Riggs et al., 1982; 1985; 1990; 1992; 2011) of which
some or all may be attributed to the observed concentrations of shark teeth that exhibit variable
degrees of bioerosion and taphonomic wear (Maisch et al., 2018; in prep.). This viewpoint is
reinforced by data for bioerosion categories 1-4 discussed in this report that demonstrate
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different degrees of taphonomic wear occurs on bioerosion in O. chubutensis and O. megalodon
teeth.
Similar bioerosion and taphonomic features observed in O. chubutensis and O.
megalodon teeth from the submerged Onslow Bay lag deposits are also known to occur on
vertebrate fossil remains, including megatoothed shark teeth, contained within other land-based
lag deposits in the southeastern USA and elsewhere globally (e.g., Shimada, 1987; Purdy et al.,
2001; Kent, 1994; Boessenecker et al., 2014; Betancort et al., 2016). These lags have been
identified at Mesozoic and Cenozoic 2nd and 3rd order sequence boundaries and are known to be:
1) the products of sea level cyclicity, 2) time-averaged and contain remains that may differ in age
by up to several million years, and 3) contain the remains of animals with distinctly different
habitat preferences (e.g., Becker et al., 1996; 1998; 2006; 2008; Shimada et al., 2006;
Boessenecker et al., 2014; Maisch et al., 2014; 2015; 2018; in prep.). These sequence boundaries
reflect regressive-transgressive sea level cycles and represent bathymetric changes occurring
over the course of a few thousand to a few million years of time (e.g., Haq et al., 1988; Becker et
al., 1996; 1998; Maisch et al., 2014; 2015; Boulila et al., 2011; 2018).
The dynamics of sea level cyclicity on the taphonomy of bioerosion and the process of
lag deposit formation in Onslow Bay is further reinforced by the occurrence of Pleistocene
terrestrial mammal teeth, including a mastodon tooth fragment dated to be 31, 870 ±210 ybp, at
the shallower shelf locality (Fig. 3.9; Table 3.1). Although the shallower shelf locality presently
resides under ≈25 m of water and ≈30 km from the modern shoreline, prior studies indicate that
at times, the ancestral Onslow Bay shoreline was located as much as 100 km to the east and that
portions of the shelf were sub-aerially exposed (Fig. 1; Hoyt and Henry, 1971; MacIntyre et al.,
1978; Colquhoun, 1995; Leigh, 2008; Horton et al., 2009; Riggs et al., 1992; 2011; Harris et al.,
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2013). This tooth may thus be from an animal that was living on the exposed continental shelf of
southern North Carolina during the height of the Wisconsinan glaciation (e.g., Becker et al.,
2010).
Conclusions
This study is the first of its kind to utilize bioerosion in megatoothed shark teeth belonging to
O. chubutensis and O. megalodon to model and time lag deposit formation. These bioeroded,
taphonomically distinct, and biostratigraphically significant megatoothed shark teeth occur in
actively forming lag deposits on the submerged continental shelf of Onslow Bay, North Carolina,
and demonstrate that bioerosion is an episodic process that occurs over several million years of
time. Future opportunity exists to apply the methodologies demonstrated in this report to other
locations containing contemporaneous shark taxa and other vertebrate fossils exposed in both
land-based and submerged sections along the Atlantic and Gulf Coastal Plains of the USA and
elsewhere globally (e.g., Gorsline and Milligan, 1963; Jordan et al., 1964; Frey et al., 1975; Pfeil,
1984; Seret, 1987; Renz, 1999; Fuqua, 2011; Antunes et al., 2015). Based on the bioeroded O.
chubutensis and O. megalodon teeth from the three submerged shelf localities in Onslow Bay,
North Carolina, and bioerosion categories 1-4, this study demonstrates that:
1. O. chubutensis teeth are deposited in the Miocene Pungo River Formation and O. megalodon
teeth are deposited in the Pliocene Yorktown presently submerged in ≈25-35m of seawater
on the continental shelf of Onslow Bay, North Carolina. These teeth have the immediate
potential for bioerosion when exposed on or near the seafloor as bioclasts.
2. Post-Pliocene wave-based erosion and exhumation related to storm events and sea level
cyclicity provides additional opportunities for endolithic bivalve colonization and bioerosion
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to occur on O. chubutensis and O. megalodon teeth. As indicated by radiocarbon dating, the
process of bioerosion is still occurring on the modern seafloor.
3. The four bioerosion categories utilized in this manuscript include: 1) taphonomically worn
shark teeth and borings, 2) taphonomically worn shark teeth with borings that contain the
shells of endolithic bivalves, 3) taphonomically worn shark teeth without borings, and 4)
shark teeth with little to no taphonomic wear and bioerosion, and demonstrate that wavebased erosion related to storm events and sea level cyclicity is most extensive in shallower
bathymetry on O. megalodon teeth from the Pliocene Yorktown Formation. In contrast, the
absence of bioerosion on O. chubutensis teeth from the stratigraphically older Miocene
Pungo River Formation demonstrates they have only recently been exhumed.
4. In comparison to O. megalodon teeth from the shallower and intermediate shelf localities, O.
megalodon teeth from the deeper shelf locality exhibit a dramatically reduced amount of
bioerosion and taphonomic wear.
5. The final product of bioerosion and taphonomic wear observed in all three submerged
Onslow Bay lag deposits is the result of multiple wave-based exhumation and reburial
episodes associated with storm events and sea level cyclicity. Based on the bioerosion
observed in O. chubutensis and O. megalodon teeth, this process has been occurring since as
early as the Miocene at the shallower shelf locality and as early as the Pliocene at the
intermediate and deeper shelf localities.
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CHAPTER 4 — TEREDOLITES-BORED DRIFTWOOD FROM THE
ARKADELPHIA FORMATION–MIDWAY GROUP CONTACT (K–PG),
MALVERN, ARKANSAS

Abstract
Partially carbonized driftwood recovered from a lag deposit at the Arkadelphia
Formation–Midway Group Contact (K–Pg) near Malvern, Arkansas, contains an abundance of
Teredolites bioerosion. These borings are oriented perpendicular to the wood grain, straight to
sinuous in shape, ≤8cm long, commonly have calcitic linings, and belong to Teredolites clavatus
(Kelly and Bromley, 1984). The abundance and tightly spaced position of borings on all
driftwood surfaces suggests the wood was afloat in a shallow marine setting for an extended
period of time prior to becoming water-logged, sinking, and buried. Transverse, radial, and
tangential thin section analysis of the driftwood identifies distinct growth rings, tracheid and ray
cells, ray pits, and resin canals of the bald cypress genus, Taxodium. The presence of Taxodium
wood in addition to a diverse and abundant assemblage of transitional to shallow marine
vertebrates in the Gulf Coastal Plain of southwestern Arkansas indicates that brackish water
swamps were adjacent to the ancestral shoreline around the K–Pg boundary and that these
remains were concentrated into a lag deposit as the result of storm events, sea level cyclicity, and
possibly impact generated tsunamis.
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Introduction
For centuries, the occurrence of shipworms has been documented in ships and other
forms of wooden marine construction (e.g., Colon, 1503; Purchas, 1625; Grave, 1928; Watson,
1936; Lane, 1961; Ekdale et al., 1984; Santhakumaran, 1988; Steinmeyer and Turfa, 1996;
Borojevic et al., 2010; Borges, 2014; Palma and Santhakumaran, 2014; Voight, 2015;
Koopmans, 2016; Nelson, 2016). These specialized wood-boring bivalves belong to the
Pholadidae (piddocks) or Teredinidae (shipworms) and use their shells to excavate borings in
wood substrates as a means to find shelter, feed on cellulose, or filter feed on nutrients in the
surrounding water (e.g., Turner, 1966; Turner, 1971; Turner and Johnson, 1971; Roder, 1977;
Hoagland and Turner, 1981; Mann, 1984; Huggett and Gale, 1995; Evans, 1999). Fossil borings
of these bivalves are attributed to the ichnogenus Teredolites and have been documented in wood
substrates, including driftwood, in the shallow marine stratigraphic record since the Jurassic
(e.g., Turner, 1955; Hoagland and Turner, 1981; Haga and Kasa, 2011). Teredolites-bored
driftwood is commonly referred to as peanutwood for its pitted texture, dark-colored wood, and
borings that are infilled with light-colored sediment and has been identified as the state fossil of
North Dakota, USA, and documented in numerous late Mesozoic and Paleogene localities in the
Western Interior Seaway, Gulf Coastal Plain (GCP), and elsewhere globally (e.g., Hatai, 1951;
Elliot, 1963; Bromley et al., 1984; Lindqvist, 1986; Dewey and Keady, 1987; Kelly, 1988; Arua,
1991; Savrda, 1991; Savrda et al., 1993; 2005; Savrda and Smith, 1996; Ivany, 1998; Pirrie et al.,
1998; Tewari et al., 1998; Mehrotra et al., 2001; Gingras et al., 2004; Kříž and Mikuláš, 2006;
Donovan et al., 2009; Kumar et al., 2011; Donovan and Jagt, 2013; Kustatscher et al., 2013;
Urash and Savrda, 2017).
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In this study, we describe a previously unreported assemblage of peanutwood from the
Arkadelphia Formation–Midway Group contact near Malvern, Arkansas. This driftwood is wellpreserved, belongs to the bald cypress genera Taxodium, contains Teredolites trace fossils, the
remains of the trace-making bivalves, and occurs at the K–Pg boundary. The identification of
Teredolites trace fossils and the wood in which they occur also provide a means to interpret the
proximity of the ancestral forest to the shallow marine shelf in this region of the southeastern
Gulf Coastal Plain during the K–Pg transition. This nearby shallow marine environment contains
a diverse assemblage of marine vertebrates concentrated along with the driftwood featured in this
report in a lag deposit and is the result of storm events, sea level cyclicity, and possibly impact
generated tsunamis.
Collecting Site Background
The Teredolites-bored driftwood featured in this study was recovered from the same lag
deposit previously described by Becker et al. (2006; 2010; 2013; 2016) near Malvern, Arkansas
(Figure 4.1). This lag deposit is interpreted to be part of a K–Pg boundary section and is
supported by various lines of evidence including: 1) foraminifera (Cushman, 1949); 2)
calcareous nannofossils (Larina et al., 2016); 3) palynology (Jones, 1962); 4) dinoflagellates
(Dastas et al., 2010); 5) ostracods (Pitakpaivan and Hazel, 1994); 6) ammonites (Larina et al.,
2016); 7) chondrichthyans (Becker et al., 2006); 8) osteichthyans (Becker et al., 2010); 9)
plesiosaurs (Becker et al., 2013); 10) turtles (Becker et al., 2016); 11) magnetostratigraphy
(Liddicoat et al., 1981); and 12) geologic mapping (Haley et al., 1993; 2009; McFarland, 2004).
These studies provide an excellent means of time control and indicate that the peanutwood was
concentrated in a shallow marine lag deposit at or near the K–Pg mass extinction and represents
some of the latest Cretaceous examples recovered from the GCP of the United States.
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Figure 4.1: Location maps for the Arkadelphia Formation—Midway Group (late Maastrichtian—Paleocene)
and Teredolites-bored driftwood recovery location in Hot Spring County, Arkansas (after Becker et al., 2006;
2013; 2016). (1) late Maastrichtian (Jeletzkytes nebrascensis Zone) paleogeographic reconstruction of the
Atlantic and Gulf Coastal plains and Western Interior Seaway modified from Kennedy et al. (1998) and Becker
et al. (2006); (2) physiographic provinces in Arkansas with Teredolites-bored driftwood site discussed in this
study indicated by (X); (3) geologic map and stratigraphic column of Upper Cretaceous and Paleogene
formations in the study area of southwestern Arkansas and Arkadelphia Formation—Midway Group
Teredolites-bored driftwood site discussed in this study identified by arrows.
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Collecting Site Geology
A disconformable contact between beds of the uppermost Arkadelphia Formation and
lowermost Midway Group (K–Pg) is best exposed on a small, ephemeral island outcrop in the
Ouachita River near Malvern, AR, during periods of low water flow (Figure 4.2). These beds
strike to the North and dip at a steep angle to the West and represent a loss of original
horizontality during syn- and post-depositional deformation. The uppermost Arkadelphia
Formation is a dark gray, thinly bedded micaceous marl with occasional lenses of glauconitic
sands, bivalve shells, and chondrichthyan and osteichthyan teeth. A lithology change represented
by a sharp and undulatory contact between the dark-colored micaceous marl of the uppermost
Arkadelphia Formation and a light colored, thick-bedded coquina lag with interbedded micrite
and occasional lenses of fine-grained, cross-bedded quartz sand and rip-up clasts of Arkadelphia
composition comprises the lowermost Midway Group. The coquina lag at this contact occurs
within the lowermost Midway Group and is laterally discontinuous, varies in thickness from a
few centimeters to over 30 cm thick in outcrop, contains an upper surface exposing well-rounded
quartz and phosphate pebbles, Cretaceous vertebrate fossil assemblages of chondrichthyans,
osteichthyans, plesiosaurs, and turtles, and is also the source of the peanutwood described in this
report (Becker et al., 2006; 2010; 2013; 2016). Also seen in Figure 4.2, interbedded, sandy, gray
carbonaceous marls and dense micritic limestone typical of the Midway Group are exposed
directly above the lag and continue in stratigraphic order to the West along the high angle of dip.
We identify the Teredolites-bored driftwood described in this report to have derived from
the uppermost portion of the fossiliferous coquina lag since: 1) the bored driftwood was
recovered immediately adjacent to an underwater outcrop of the lag that exhibited both indurated
and clayey textures; 2) the Teredolites borings are infilled with gray micrite, coarse sand lenses,
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and small dark colored lithoclasts identical to those in the coquina lag; and 3) small calcitic veins
are present in both the coquina lag and the driftwood.

Figure 4.2: (1-2) Outcrop exposure along the Ouachita River of the uppermost Arkadelphia Formation and
lowermost Midway Group in Hot Spring County, Arkansas. Note strike and dip and steep inclination of the
bedding relative to river water flow. Small arrow indicates the stratigraphic position of the lag deposit from
which the Teredolites-bored driftwood fossils in this study were recovered. Pick axe is approximately 1 m
and the person is 1.8 m (after Becker et al., 2013; 2016).
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It is also noteworthy that no distinctly Paleocene fossils have been recovered from this
lag deposit exposed at the island outcrop in the Ouachita River. However, Paleocene
chondrichthyan and osteichthyan teeth and invertebrates belonging to the Midway Group have
been collected from bluffs adjacent to Highway 31 (≈250m to the North) and a shopping plaza
(≈3km to the northeast) along strike with the Ouachita River study site (e.g., Becker et al., 2011;
2012; Sloan, 2015-Pers. Comm.; Hart, 2017).
Collecting and Laboratory Methods
The Teredolites-bored driftwood specimens described in this report were collected in situ
from the Arkadelphia Formation–Midway Group Contact (K–Pg) by snorkeling and SCUBA
diving in the Ouachita River near Malvern, Arkansas, over the last 12 years along with vertebrate
fossil remains previously reported by Becker et al. (2006; 2010; 2013; 2016). To date, a total of
eight peanutwood specimens, ranging in size from 10 cm x 6 cm to 45 cm x 25 cm, were
recovered from less than 1,000 m2 of riverbed. In the laboratory, all specimens were scrubbed
with a soft bristle brush, rinsed with water to remove algal and mud films, and photographed
with a Canon EOS Rebel T5 digital camera. Two of the smaller driftwood specimens that
contained well-defined wood grain and Teredolites borings were sectioned transversely, radially,
and tangentially for petrographic analysis. Petrographic thin sections were analyzed and
photographed using a Nikon DS-Ri1 camera attached to a Nikon Eclipse E600 POL binocular
microscope in the Earth and Environmental Science Department at Brooklyn College, Brooklyn,
New York. Additionally, a nondestructive CT scan of the largest bored driftwood specimen was
completed at Morristown Medical Center, Morristown, New Jersey, to analyze the internal
Teredolites boring morphology. Identification of the: 1) Teredolites bioerosion and boring
terminology follows Kelly and Bromley (1984) and Kelly (1988), 2) trace making bivalve
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follows Turner (1954; 1966; 1971) Bromley et al. (1984); and Evans (1999), and 3) driftwood
follows Wheeler and Baas (1998); Meijer (2000); Wiedenhoeft and Miller (2005); Harland et al.
(2007); Philippe and Bamford (2008); Selmeier and Grosser (2011); Stahle et al. (2012); and
dendrochronologists B. Buckley, and P. Chirubani (pers. comm., 2018). Figured fossil specimens
have been reposited in the collections of the Environmental Science department at William
Paterson University under the catalogue numbers WPU ARPW1–WPU ARPW8.

Figure 4.3: Representative Teredolites-bored driftwood specimens. Note the densely-packed, light-colored T.
clavatus borings and dark color of the driftwood. 1-4=Exterior wood surfaces; 5-6=transverse section
showing wood growth rings and perpendicular orientation of T. clavatus borings. Also note the presence of
calcitic vugs and borders between T. clavatus borings in 6. Scale bars in 1=10cm; 2=20; 3;5=2cm; 4; 6=1cm.
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Figure 4.4: Representative, sectioned Teredolites-bored driftwood specimens, boring casts, and bivalve
molds. (1-2; 4-5) Sectioned boring bivalve shells (SBS) in situ within T. clavatus borings. (3) A globularrounded bivalve cast (BC) with partially preserved calcitic shell (4). Well-developed calcitic boring lining (CL)
and growth rings in the wood. (6-7) Isolated, straight T. clavatus boring and boring terminus (6) preserving
xenoglyphs (XG=wood-growth rings imprinted on boring wall). (7) Isolated boring bivalve mold with external
bivalve shell ornamentation (BSO) represented by rib-like grooves and umbonal sulcus groove (USG). Also
note the presence of light-colored, gray, sandy marl sediment infilling borings in 1-8 and well-defined wood
growth rings in 1-2; 4-5. Orientations in 1-2=transverse; 3=tangential; 4-6=lateral; 7=radial. Scale bars in 1;
4=5cm; 2; 5=1cm; 3; 6-8=2cm.
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Identification of the Malvern Trace Fossils, Trace Maker, and Driftwood
Trace Fossil Description
Borings are abundant in all driftwood specimens, straight to slightly sinuous in shape,
circular in cross section, occur perpendicular to the wood grain, and are completely infilled with
light gray sandy marl. The diameters of exposed borings range from 0.5cm to 1.75cm although
are on average 1.25 cm in width. The lengths of exposed borings range from 2.5cm to 8cm
although are on average 6cm in length. Calcitic linings are present in many of the longer and
wider borings. Boring termini frequent exhibit banded patterns that represent wood growth ring
impressions (i.e., xenoglyphs; Figs. 4.3:2; 4.4:6-7). In hand specimens and petrographic thin
sections, boring termini frequently contain either articulated or disarticulated shells of the boring
bivalves, foraminifera, fine-grained sand, and unidentifiable, sand-sized bone fragments (Figs.
4.3-4.6).
Trace Fossil Discussion
Morphologically similar borings of Teredolites and Gastrochaenolites are differentiated
based upon their occurrence in xylic or lithic host substrates, respectively (e.g., Bromley et al.,
1984; Kelly and Bromley, 1984; Savazzi, 1999; Taylor and Wilson, 2003). The Malvern trace
fossils that are the focus of this study occur in driftwood and as such can be identified as one of
the two Teredolites ichnospecies: T. clavatus (Kelly and Bromley, 1984) or T. longissimus (Kelly
and Bromley, 1984). Studies on modern wood-boring bivalves and Teredolites trace fossils
indicate that pholad bivalves frequently produce shorter and relatively straight borings that occur
perpendicular to the wood grain and resemble those of T. clavatus. In contrast, the borings
produced by teredinid bivalves are frequently longer and highly-sinuous, parallel with the wood
grain, contain calcareous pallets at the distal end of each boring, and resemble those of T.
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longissimus (e.g., Cvancara, 1970; Bromley et al., 1984; Kelly and Bromley, 1984; Kelly, 1988;
Evans, 1999; Savrda et al., 1993; 2005).

Figure 4.5: (1) CT scan image sequence showing the densely-packed, relatively straight, well-developed T.
clavatus borings that are perpendicular to the driftwood surface of the largest Teredolites-bored driftwood
specimen (2-4). Note that all borings have approximately the same diameter, total length, and penetrate the
central pith region of the wood. Orientations: 1-2; 4=transverse; 3=exterior view. Scale bar in 1-4=20cm.
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The presence of calcitic linings in Teredolites borings has also been utilized by some researchers
to aid in the identification of the trace making bivalve (e.g., Bartsch, 1930; Turner, 1971; Roder,
1977; Kelly and Bromley, 1984; Kelly, 1988; Savrda and Smith, 1996; Evans, 1999; Donovan et
al., 2009). In these studies, all borings produced by teredinid bivalves were noted to contain
calcitic linings whereas those of pholad bivalves only contained calcitic linings after growth was
halted or as a result of stressed environmental conditions. In the Malvern Teredolites specimens,
larger and longer borings in proximity to or penetrating the central pith region of the driftwood
more frequently exhibit calcitic linings in contrast to smaller and shorter borings that are not
lined (Figs. 4.4-4.5). The length and width (L/W) ratios of Teredolites borings have also been
utilized by prior researchers to distinguish between T. clavatus and T. longissimus (Savrda and
Smith, 1996; Donovan et al., 2009). These reports indicate that T. clavatus borings typically
yield L/W ratios <5 whereas those for T. longissimus are frequently >>5 (Savrda and Smith,
1996; Donovan et al., 2009). In this study, we identify the Malvern Teredolites borings as T.
clavatus since they have an average L/W ratio of 5.50, occur perpendicular to the wood grain,
have relatively straight and circular morphologies, and may be lined with calcite.
Trace Maker Description
The shells of boring bivalves are frequently preserved within hand samples and
petrographic thin sections of T. clavatus borings in the Malvern driftwood (Figs. 4.4; 4.6). In
transverse and tangential boring exposures, these shells occur as thin, crescent to “C” shaped
slivers with a thick apophysis region (Fig. 4.4). An exterior bivalve shell mold displaying
distinct, rib to file-like shell ornamentation and a prominent umbonal-ventral sulcus can also be
observed in Figure 4.4:8. These rib-like grooves form a wide, “V” like pattern and are more
closely-spaced on one side of the sulcus and more widely-spaced on the opposing side (Fig. 4.4).
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Figure 4.6: Petrographic thin section images of bioclasts, boring bivalve shell morphology, T. clavatus
boring structure, and diagenetic mineral deposits as indicated by arrows. Bioclasts including: (1) Benthic
foraminifera resembling Lenticulina sp. documented by Becker et al. (2006) and (2) indeterminate vertebrate
bone. Boring bivalve shell morphology including rib-like exterior shell grooves (3) and well-developed umboapophysis (4). Diagenetic deformation resulting in offset, calcitic boring linings (5) and deposition of
secondary calcite (5-6). 1; 4-6=Cross-polarized light; 2-3=Plain-polarized light. All scale bars=20μm.

Identical rib to file-like shell surface grooves and a well-developed umbo-apophysis region can
also be observed in petrographic thin sections of bivalve shells preserved within T. clavatus
borings (Fig. 4.6; For similar thin section images see: Kelly, 1988).
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Trace Maker Discussion
Identification of the Malvern Teredolites borings as T. clavatus, indicates that they were
formed by pholad bivalves. The distinct umbonal-ventral sulcus groove and rib to file-like,
concentric ridges that are preserved on the T. clavatus trace making bivalve shell mold in Figure
4.8 are morphologically similar to those of pholad bivalves within the genera Martesia,
Opertochasma, Teredina, Xylophaga, and Xylophagella (e.g., Turner, 1954; 1955; 1971;
Hoagland and Turner, 1981; Kelly and Bromley, 1984; Kelly, 1988; Haga and Kase, 2011). Each
of these pholad genera are known from the Late Cretaceous and early Paleocene and have been
associated with T. clavatus borings in wood substrates (Turner, 1954; 1971; Hoagland and
Turner, 1981; Kelly, 1988; Crampton, 1990; Evans, 1999). The globular bivalve shell cast seen
in Figure 4.4:3 in addition to the crescent-shaped shell sections seen in Figure 4.4:1-2;4.4:4-5
also indicate that the Malvern T. clavatus trace-making bivalve had a small, circular-ovate shape.
As a result, it is unlikely that the Malvern T. clavatus borings were produced by Martesia striata
(Linnaeus, 1758) and Opertochasma sp. bivalves that are known to have elongate to pear-shaped
shells (Turner, 1955; 1969; Evans, 1999). Similarly, it is unlikely that Teredina sp. bivalves
produced the Malvern T. clavatus borings since a calcareous siphonplax was not observed
(Evans, 1999). In contrast, the shells of Martesia fragilis Verrill and Bush, 1898, Xylophaga sp.,
and Xylophagella sp. are known to have shells that are ovate to tri-lobed in shape and contain
umbonal-ventral sulcus grooves and exterior shell ornamentation similar to that observed in
Figure 4.8 (Turner, 1955; 1969; 1971; Kelly, 1988; Evans, 1999; Velásquez et al., 2017). In this
regard, the Malvern trace-making bivalve could be a species of Martesia (e.g., M. fragilis),
Xylophaga, or Xylophagella (Turner, 1955; 1969; 1971; Hoagland and Turner, 1981; Kelly,
1988; Evans, 1999). However, due to the absence of morphologically distinct shell features
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preserved on the Malvern bivalve specimens, the variability of shell morphology with substrate
hardness and overcrowding, in addition to the lack of detailed reports on fossil wood-boring
bivalves, we conservatively identify the Malvern bivalve as Pholadidae gen. et. sp. indet. and
refrain from higher level taxonomic classification (Turner, 1955; Kelly, 1988; Evans, 1999;
Gingras et al., 2004).
Wood Description
The Malvern driftwood is partially carbonized and preserves intricate wood grain textures
and cell structures. The driftwood specimens are dark-colored, smooth, rounded, and vary in size
from 35 cm in length x 25 cm in width x 20 cm in height to 10 cm in length x 15 cm in width x 8
cm in height. As seen in Figure 4.7, transverse, radial, and tangential petrographic thin sections
of the driftwood show a variety of features including growth rings with abrupt transitions
between early and late wood, well-developed and elongate tracheid and ray cells, taxodioid to
cupressoid-like, biseriate, bordered cross-field pits, biseriate and fusiform rays, and resin canals.
The occurrence and arrangement of these structures indicates that the Malvern driftwood belongs
to a gymnosperm and in particular resembles wood of the bald cypress, Taxodium (e.g.,
Wiedenhoeft and Miller, 2005; Harland et al., 2007; Alden, 2009; Selmeier and Grosser, 2011;
Kustatscher et al., 2013).
Wood Discussion
Identification of the Malvern driftwood as Taxodium sp. is supported by the occurrence
of: 1) an abrupt transition from early to late wood, 2) biseriate and fusiform rays, taxodioid to
cupressoid-like, biseriate, bordered cross-field pits, 3) infrequent resin canals, and 4) identical
cell structures seen in other late Cretaceous, early Paleocene, and modern Taxodium sp. wood
(e.g., Wiedenhoeft and Miller, 2005; Harland et al., 2007; Alden, 2009; Selmeier and
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Figure 4.7: Petrographic thin section images of the Malvern Taxodium sp. driftwood. (1) Well-defined wood
growth rings with abrupt transitions from early to late wood (white arrow), resin canals (black arrows), and
uniseriate rays (asterisk). (2) Variable thickness in early and late wood, resin canal (black arrow), uniseriate
ray (white arrow), and biseriate ray (asterisk). (3) Abrupt transition between early and late wood (black arrow)
and smooth end walls of ray parenchyma cells (white arrow). (4) Thickened cell walls in early wood (black
arrow). (5) Tracheids (black arrow) and rays (white arrow). (6) Perpendicular tracheid and ray cells. (7) Welldeveloped, biseriate, bordered pits (black arrow). (8) Uniseriate (white arrow) and biseriate, fusiform rays
(black arrow). Orientations: 1-4=transverse; 5-7=radial; 8=tangential. Scale bars in 1-3; 5; 8=20μm; 4; 67=10μm.
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Grosser, 2011; Kustatscher et al., 2013; Dolezych and Reinhardt, 2016). The Taxodium
driftwood can be distinguished from morphologically similar gymnosperms including Larix
(Larch) that contains an abundance of resin canals and Sequoia (Redwood) that contains piceoid
cross-field pits with distinct notches (Wiedenhoeft and Miller, 2005; Harland et al., 2007). The
identification of the Malvern driftwood as Taxodium sp. is consistent with other reports that
indicate Taxodiaceous forests and swamps were widespread across the northern hemisphere
during the Cretaceous and Paleocene (e.g., Jones, 1962; Harland et al., 2007; Peralta-Medina and
Falcon-Lang, 2012). Taxodium species have been documented since the Jurassic and are known
to be long-lived, associated with humid climates, and fresh-brackish water swamps in proximity
to the coast (e.g., Jones, 1962; Shankman and Kortright, 1994; Conner and Inabinette, 2005;
Alden, 2009; Stahle et al., 2012).
Discussion
Teredolites-bored driftwood and Insights on: Taphonomy, Sea Level, and the K–Pg Boundary
near Malvern, Arkansas
We interpret the Malvern driftwood to have derived from a brackish water K–Pg swamp
dominated by taxodiaceous trees including Taxodium sp. in proximity to the study site. Ancestral
rivers draining from the topographic highs of the Ouachita Mountain physiographic province and
flowing southward through these swamps would have transported the Taxodium sp. wood out to
sea (Lindqvist, 1986; Savrda, 1991; Savrda et al., 1993; 2005; Donovan et al., 2009). Once adrift
in the shallow, nearshore marine environment, the driftwood was colonized by wood-boring,
pholad bivalves (e.g., Bromley et al., 1984; Lindqvist, 1986; Arua, 1989; Kříž and Mikuláš,
2006; Donovan et al., 2009; Kustatscher et al., 2013). After initial colonization, the wood likely
became water-logged and settled on or near the seafloor where it was subjected to rolling and
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saltation in response to tidal, bottom, and storm-generated currents (Lindqvist, 1986; Savrda,
1991; Savrda and King, 1993; Savrda et al., 1993; 2005; Selmeier and Grosser, 2011;
Kustatscher et al., 2013). This process is supported by T. clavatus borings occurring on all
driftwood surfaces, the polished and abraded surface texture of all Malvern driftwood specimens,
and the absence of smaller, surficial bioerosion from serpulid worms, sponges, and algae
(Lindqvist, 1986; Gingras et al., 2004). The absence of additional, smaller bioerosion on the
Malvern driftwood also suggests that the final burial of the wood occurred rapidly such that the
entire process of bioerosion ceased. Additional, burial and regional tectonism in the Malvern
region after the K–Pg resulted in diagenetic alteration of the wood and borings during which they
were compacted, partially-carbonized, and incorporated of minor amounts of secondary calcite
(Fig. 4.3:6; 4.6:5-6).
The sediment preserved in the T. clavatus borings is the same as that observed within the
fossiliferous lag deposit occurring at the Arkadelphia-Midway Group contact at the Malvern
study site and as a result, we interpret that the Malvern driftwood and associated T. clavatus
borings were buried within the original, shallow marine depositional environment. This
interpretation is further supported by the presence of foraminifera and vertebrate bone fragments
within T. clavatus borings as seen in Figure 4.6 that also occur within the adjacent lag deposit
sediment. Moreover, the infrequent occurrence of peanutwood in the Malvern K–Pg lag and the
allochthonous nature of driftwood in shallow marine environments suggests that the Malvern
peanutwood may have once comprised a single, large log that broke apart during the lag deposit
formation process. This interpretation is plausible since all of the peanutwood specimens: 1)
were recovered from a small, localized outcrop exposure, 2) exhibit identical modes of
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preservation, 3) can be identified as Taxodium sp. wood, and 4) contain T. clavatus borings that
occur on all wood surfaces.
In addition to the Teredolites-bored driftwood featured in this report, the lag deposit at
the Arkadelphia Formation-Midway Group contact at the Malvern study site also contains
diverse, assemblages of chondrichthyans, osteichthyans, plesiosaurs, and turtles that have
previously been reported by Becker et al. (2006; 2010; 2013; 2016). These concentrations of
vertebrate fossils frequently contain remains that greatly differ in age, derive from organisms
with distinctly different habitat preferences, display variable degrees of taphonomic wear, and
become concentrated in lag deposits over the course of thousands to millions of years as the
product of episodic storm events and sea level cyclicity (e.g., Savrda, 1991; Savrda et al., 1993;
2005; Shimada et al., 2006; Becker et al., 1996; 1998; 2006; 2008; Boessenecker et al., 2014;
Maisch et al., 2014; 2015; 2016; 2018). It is also noteworthy that distinct shell and bone beds
similar to the Malvern K–Pg lag described in this report and by Becker et al. (2006; 2010; 2013;
2016) have been previously utilized as key markers in transgressive facies identification,
stratigraphic correlation, and the construction of third order sea level cycles (Haq et al., 1988;
Haq, 2014).
Currently, five, regressive-transgressive sea level events, each with an average duration
of 1-2 million years and resulting in sea level changes between 25 and 75m, have been
documented during the Maastrichtian in the GCP of the USA (Haq et al., 1988; Haq, 2014;
Savrda, 1991; 1993; Mancini et al., 1995; Mancini and Puckett, 2005). The largest of these
events (KMa5) occurred just below the K–Pg boundary and was followed by a regressive sea
level interval and erosional hiatus leading into the Paleocene (Savrda, 1993; Mancini et al., 1995;
Mancini and Puckett, 2005). As such, we attribute the concentration of Teredolites-bored
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driftwood and vertebrate fossils in the Malvern K–Pg lag to be the final product of numerous
storm events and sea level cyclicity that occurred during the K–Pg transition. Similar
concentrations of Teredolites-bored driftwood and vertebrate fossils have been documented in
other lag deposits throughout the Late Cretaceous and Paleogene of the GCP and elsewhere
globally and further reinforce the overall role of storm events and sea level cyclicity in the
formation of lag deposits in shallow marine environments (e.g., Schwimmer, 1986; Dewey and
Keady, 1987; Savrda, 1991; 1993; Ivany, 1998; Savrda et al., 1993; 2005; Kříž and Mikuláš,
2006; Buatois and Encinas, 2011; Donovan and Jagt, 2013; Becker et al., 2006; 2010; 2013;
2016).
However, we acknowledge that a combination of instantaneous, impact generated
tsunamis and regional, 3rd order sea level events could have also influenced the formation of the
Malvern lag deposit (e.g., Bourgeois et al., 1988; Savrda, 1991; 1993; Pitakpaivan et al., 1994;
Olsson et al., 1996; Smit et al., 1996; Lawton et al., 2005; Schulte et al., 2006; Larina et al.,
2016; Witts et al., 2018). This combination of events has been documented ≈375km northeast of
the Malvern study site in a microspherulitic lag at the base of the Danian Clayton Formation near
Crowley’s Ridge in southeastern Missouri (Dastas et al., 2014; Larina et al., 2016). This
microspherulitic lag was originally interpreted by Campbell et al. (2008) to have formed as the
result of an end-Cretaceous tsunami until dinoflagellate analysis by Dastas et al. (2014) provided
evidence that the lag is actually the product of an early Danian sea level event in which erosion
exhumed and re-deposited both Maastrichtian macrofossils and end-Cretaceous impact spherules
(Also see: Oboh-Ikeunobe et al., 2012; Larina et al., 2016). A more recent study by Witts et al.
(2018) also documents an invertebrate-rich, microspherulitic lag at the K–Pg boundary identified
at the contact between the Owl Creek and Clayton formations near New Albany, Mississippi,
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located ≈350km to the East of the Malvern study site. These researchers indicate that multiple
impact-generated tsunamis were responsible for concentrating invertebrate fossils and impact
spherules at the Owl Creek-Clayton Formation contact rather than rather sea level cyclicity
although they acknowledge that early Paleocene transgression occurred and may have removed
portions of the underlying units.
Paleoenvironmental Insights
The occurrence of in Taxodium driftwood with extensive T. clavatus borings in a lag
deposit at the Arkadelphia Formation-Midway Group contact near Malvern, AR, provides a
means to interpret the transitional-shallow marine paleoenvironment near the K–Pg boundary.
Based on modern analogy, Taxodium sp. trees are well known to occur in fresh-brackish fluvial,
swamp, and estuarine ecosystems within humid climatic zones throughout the southeastern USA
(e.g., Berry, 1911; Shankman and Kortright, 1994; Conner and Inabinette, 2005; Stahle et al.,
2012). These transitional marine ecosystems are known to be ideal habitats for slow-growing,
highly-resistant, and salt-tolerant Taxodium trees (Campbell and Clark, 1960; Shankman and
Kortright, 1994; Conner and Inabinette, 2005; Stahle et al., 2012). Palynological and
ichnological analyses have documented the presence of analogous coastal ecosystems and an
abundance of Taxodiaceous trees including Taxodium within the GCP during the K–Pg transition
(e.g., Jones, 1962; Schwimmer, 1986; Dewey and Keady, 1987; Savrda, 1991; Savrda and King,
1993; Savrda et al., 1993; Oboh-Ikuenobe et al., 2012). Forested coastal ecosystems are also
known to be a primary source of terrestrial elements including trees that wash out to sea as
driftwood in response to storm events and sea level cyclicity (e.g., Lindqvist, 1986; Savrda,
1991; Savrda and King, 1993; Savrda et al., 1993; 2005; Gingras et al., 2004; Selmeier and
Grosser, 2011). Once this wood enters brackish coastal ecosystems, it is susceptible to bioerosion
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from wood boring pholad bivalves and other endolithic organisms (Gingras et al., 2004). Pholad
bivalves, such as Martesia sp., are capable of tolerating variations in salinity and are known to
occur in temperate to tropical, transitional to fully marine environments around the world
(Evans, 1999; Yennawar et al., 1999; Gingras et al., 2004).
The diverse assemblages of chondrichthyans, osteichthyans, plesiosaurs, and turtles cooccurring with the peanutwood in the Malvern lag deposit also provide insights on the
transitional-shallow marine paleoenvironment near the K–Pg boundary. These vertebrate
assemblages include taxa from fully-marine environments as well as those including
Atractosteus, Lepisosteus, and Trionyx that derive from distinctly brackish/transitional marine
habitats and make occasional forays into the shallow marine environment (e.g., Becker et al.,
2006; 2010; 2013; 2016). However, in the Malvern lag deposit, none of the fully-marine
vertebrates are known to have distinctly deep-water affinities and coquina lenses contain
densely-packed, oysters, clams, and branching hexacorals that are known to occur in shallow
marine paleoenvironments (e.g., Becker et al., 2006; 2010; 2013; 2016). The occurrence of
Teredolites-bored, Taxodium driftwood within the Malvern lag deposit also indicates that fluvial
and estuarine sources were once located in proximity to the Malvern study site. These sources
would have continuously delivered nutrient-rich water to the ancestral Malvern sea that resulted
in increased productivity along the coast and highly complex food webs with diverse
assemblages of chondrichthyans, osteichthyans, and reptiles. The remains of these organisms
were subsequently concentrated into a lag deposit as a product of wave-base erosion from storm
events, sea level cyclicity, and possibly impact generate tsunamis occurring in the Malvern
region during the K–Pg transition.
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Conclusions
In this report we identify for the first time, borings of Teredolites clavatus produced by
pholad bivalves in Taxodium sp. driftwood (aka peanutwood) recovered from a lag deposit at the
K–Pg boundary near Malvern, AR. The Teredolites-bored driftwood provides insights on the
transitional-shallow marine paleoenvironment in the Malvern region across the K–Pg boundary
and suggests that a humid climate prevailed in which cypress swamps occurred in close
proximity to the shallow marine shoreline. Teredolites-bored driftwood specimens were also
recovered with abundant vertebrate fossil remains, including those of chondrichthyans,
osteichthyans, plesiosaurs, and turtles within a localized, K–Pg lag deposit. This K–Pg lag
deposit is the product of storm events, sea level cyclicity, and possibly impact generated
tsunamis in the shallow marine environment and Gulf Coastal Plain of southwestern Arkansas.
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CONCLUSION
The results of this dissertation document for the first time the taxonomy, taphonomy, and
bioerosion of an assemblage of Miocene and Pliocene fossil shark teeth from shallower,
intermediate, and deeper submerged shelf lag deposits in Onslow Bay, NC, as well as an
assemblage of shipworm-bored driftwood from a lag deposit at the Cretaceous-Paleocene
boundary in the Ouachita River near Malvern, Arkansas. All fossils featured in this dissertation
were self-collected by SCUBA diving these submerged lag deposit exposures in water <10m
deep in the Ouachita River to ≈25-35m deep and between 30-60km offshore in Onslow Bay.
Taxonomic analysis of fossil shark teeth from Onslow Bay has identified eight lamniform
and eight carcharhiniform taxa. Collectively, these 16 taxa are biostratigraphically significant
and are known throughout regional and global Miocene and Pliocene stratigraphic sections. The
occurrence of Miocene and Pliocene sediments and fossils on the modern seafloor also indicates
that Onslow Bay has undergone extensive post-Miocene erosion.
Taphonomic analyses of biostratigraphically significant megatoothed shark teeth
belonging to Otodus chubutensis and Otodus megalodon indicate that reduced amounts of tooth:
1) fragmentation, 2) abrasion/polish, 3) color/phosphatization, and 4) bioerosion occur with
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progressively deeper bathymetry in Onslow Bay. Although radiocarbon analyses of encrusting
carbonaceous growths occurring on megatoothed shark teeth from each of the three submerged
shelf localities indicate that these lag deposits are still in the process of forming on the modern
seafloor, the taphonomy of these teeth indicates that these lag deposits have been forming since
at least the Pliocene as a result of episodic storm events and sea level cyclicity.
Detailed analysis of the bioerosion on megatoothed shark teeth from Onslow Bay
identifies four ichnospecies including: Gastrochaenolites torpedo, G. lapidicus,
Maendropolydora sulcans, and Entobia isp. that are known to occur on hard substrates exposed
on the seafloor for extended periods of low net sedimentation. Bioerosion in megatoothed shark
teeth can also be attributed to bioerosion categories that include: 1) taphonomically worn shark
teeth and borings, 2) taphonomically worn shark teeth with borings that contain the shells of
endolithic bivalves, 3) taphonomically worn shark teeth without borings, and 4) Shark teeth with
little to no taphonomic wear and bioerosion. This assessment indicates that bioerosion is a
process that can potentially occur soon after shark teeth are initially shed and deposited on the
seafloor. Although radiocarbon analyses indicate that the megatoothed shark teeth are actively
being bioeroded and accumulating in submerged lag deposits across Onslow Bay, the taphonomy
of bioeroded megatoothed shark teeth indicates that bioerosion has occurred episodically in
response to storm events and sea level cyclicity since the Miocene at the shallower shelf locality
and since the Pliocene at the intermediate and deeper shelf localities.
The observed differences in shark tooth assemblages and overall tooth preservation in the
actively forming shallower, intermediate, and deeper submerged shelf lag deposits across
Onslow Bay provide a means to interpret the formation of similar deposits in land-based
stratigraphic sections. Section four of this dissertation, provides an example extension of these
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studies in a lag deposit at a known K-Pg boundary section near Malvern, Arkansas. This lag
deposit contains a unique assemblage of shipworm-bored driftwood in addition to the remains of
Late Cretaceous sharks, fish, marine reptiles, and invertebrates that were concentrated across a
shallow marine shelf setting in response to numerous storm events and sea level cyclicity at or
near the K-Pg mass extinction event.
All lag deposits documented in this dissertation are similar in that they contain diverse
and time-averaged vertebrate fossil assemblages, biostratigraphically and taphonomically distinct
shark teeth, infrequent terrestrial elements, and formed in response to episodic storm events and
sea level fluctuation. These fossils and their concentration into lag deposits are significant in
discussions addressing global climate change since they are true and obvious reminders of
geologic processes that have occurred in the past, continue to occur today, and will occur in the
future.
The self-collected fossils included in this dissertation represent my interests in field
paleontology and future career prospects in academia. It is my goal to continue incorporating
fossils into my classroom instruction since they are completely free from belief-based arguments
as well as business, political, and religious affiliations. Additionally, these fossils and their
unique geologic histories help provide a solid geological framework that better informs citizens
to understand and address the complex problem of global climate change and the role humans
play in the process. The fact that marine fossils have been concentrated in response to episodic
storm events and sea level fluctuation and can be found many miles from present-day shorelines
serves as an outstanding and obvious reminder of the true age of the Earth, demonstrates the
essentials of how climate systems operate across time, and predicts a warmer future.
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